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5

METHOD AND SYSTEM FOR PROVIDING ANTENNA DIVERSITY

Jq
FIELD OF THE INVENTION

Ixf The present invention is directed to wireless voice and data communications, and more

© particularly to systems and methods for providing antenna diversity in wireless transmission and

^0 communication systems.

S BACKGROUND

u An antenna is a device that transmits electrical signals into free space. The signals may

1 5 be, for example, received by another antenna located at a proximate or a distant location. The

antennas may be mounted within, for example, a transmission device in a wireless

communication network. Some examples oftransmission devices include wireless base station

or access point devices, and mobile station devices.

The Institute of Electrical and Electronic Engineers (IEEE) has established a wireless

20 local area network (LAN) standard, 802. 11. The IEEE 802. 1 1 standard (IEEE 802. 1 1) outlines

Media Access Control (MAC) and Physical Layer (PHY) specifications for wireless LANs. The

specification ofthe IEEE 802.1 1 addresses transmission of data in wireless LANs. In particular,
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the IEEE 802. 11a standard addresses communication in wireless asynchronous transfer mode

(ATM) systems, covering frequencies of operation between 5 gigahertz (GHz, or 10
9
Hz) and 6

GHz. As is known in the art, IEEE 802. 1 1 a requires a modulation method called orthogonal

frequency-division multiplexing (OFDM), which allows communication to occur at extremely

5 high data speeds by transmitting data over multiple frequency channels over a wide frequency

range.

The IEEE 802.1 la specification takes into account successful and unsuccessful

^ transmission of packets, for example data packets, and includes mechanisms designed to thwart

,3 problems with packet transmission, such as requiring in-order transmission ofpackets, and

K| retransmission by a transmitting entity ofpackets that were not received properly by a receiving

RJ entity. As with the Internet protocol (IP) and the Ethernet protocol, no error correction codes are

* permitted in IEEE 802. 11a. Since a packet that is sent by a source and that is received in error

J! at, or missed by, a destination must be retransmitted by the source in order to obtain the correct

packet at the destination receiver, retransmission ofpackets is a central aspect ofIEEE 802.1 la

i~5 access points and mobile stations.

It is not unusual for an antenna to receive a signal across a fading channel. Multiple

antennas are typically used in communication systems to provide another option to turn to, in the

event ofpoor signal reception due to a fading channel, so that a good channel with no fading can

be found. Some examples ofcauses of a fading channel include phase shift in the signal and

20 multipath interference errors. The RF energy that is transmitted between antennas can

experience destructive and constructive interference due to multiple paths taken by the energy
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with multiple delays on the way to a receive antenna The interference can cause a receive

antenna to receive a packet in error or to miss a packet entirely.

Ideally, antenna diversity techniques are used when a particular channel is fading due to

multipath effects so that changing from one antenna to another antenna provides another

5 communication channel that in all probability is not fading.

Traditionally, fast antenna diversity techniques have been used to manage multiple

antennas. As an example of this approach with two antennas, when a packet arrives, a first

antenna is used to receive the signal. After receiving for a sufficient period of time to judge

fiS reception quality, the radio is switched to a second antenna. The second antenna is then used to

1^1 receive the signal until the quality ofreception can be judged. Finally, the radio is switched to

flj using whichever of the antennas had the best reception. In some cases, more than two antennas

* are used.

J: Trying and testing multiple antennas using fast antenna diversity typically takes place

during a preamble, header, or training portion of the packet. The preamble is examined rather

1 5 than the data so that no data are lost while the different antennas are being tested.

There are several reasons why this approach is undesirable for the IEEE 802.1 la

standard, and for any other high data rate radio system. First, the packet preamble in IEEE

802.1 la is quite short, for example, eight microseconds total duration. A short preamble is

desirable in any high data rate communications system in order to keep the efficiency of the

20 communications system high. As data rates get higher, the duration of standard Ethernet length

packets get shorter. If the preamble is a long period in time, then the efficiency is low. While

having a short preamble is good for efficiency, the short preamble reduces the time available to

60217436vl



ATH-0053 Page 4 Atty Docket No. 073169/0269534

test using both, or all, ofthe antennas. Switching between antennas takes a certain time based on

the physical constraints of driving electrical switches. In addition, there is a minimum time

needed to measure the signal from a given antenna to effectively determine the quality of the

signal. When the measurement time (i.e., the duration of the preamble) is very short, a very poor

5 estimate of the quality may be obtained.

Time that is consumed switching and measuring the signals from different antennas

reduces the amount oftime available to perform other functions that commonly need to be

e=t
performed during the packet preamble. These functions may include, for example, correctly

Jt setting the gains of amplifiers in the receive chain, extracting the frequency offset of the

|Q incoming signal, and finding the proper symbol boundaries. When the preamble is short, the

fli quality of the frequency offset, gain setting, or symbol timing may be compromised if time is

*v spent selecting the best antenna. For these reasons, in practice, the EEEE 802. 1 1 a preamble is too
CI

% short to allow testing ofmultiple antennas. If one were to try to force antenna selection into the

time of the preamble, one would actually degrade the overall performance of the

15 communications system and would typically make poor choices ofwhich antenna to use.

Fast antenna diversity switching during the packet preamble creates an additional

challenge that is unique to the IEEE 802.1 la OFDM system. Since the OFDM signal is a

wideband signal, the differences in performance between two omni-directional antennas will not

be the total receive power. More likely, the differences between two antennas will be the narrow

20 notching of certain narrow frequency ranges due to multipath interference.

However, the IEEE 802.1 la preamble consists of a relatively few, widely spaced narrow

frequencies. Therefore, when considered as a test signal, the IEEE 802. 1 la preamble cannot be

60217436vl



ATH-0053 Page 5 Atty Docket No. 073 1 69/0269534

used to sense many of the narrow notches within the narrow frequency bands that might occur

due to multipath interference. Testing during the IEEE 802. 1 la preamble would thus be

detrimental to the reception of the normal data portion of the packet, which will span all of the

frequency ranges. In IEEE 802.1 la systems, it is problematic to apply known approaches, such

as sensing the channel using a packet preamble, to make the correct choice between two

antennas.

Typically, antenna diversity techniques assume that the decision process has access to

signals from two or more antennas. Many of these techniques are based on examining an

average of a combination of signals from two or more antennas. One averaging method is

maximum ratio combining where signals coming from two or more antennas are assigned

different weights and are added together to form a weighted combination signal.

In contrast to IEEE 802.11a systems, most wireless systems are narrowband signal

systems. Narrowband signals are generally thought ofin terms ofhaving signal bandwidths of

hundreds of kilohertz (kHz, or 10
3
Hz), for example, 500 kHz or 1 megahertz (MHz, or 10

6
Hz),

or less, depending on the transmitting and receiving channel response. Wideband and broadband

signals are generally thought of in terms ofhaving signal bandwidths above 1 MHz depending

on the transmitting and receiving channel response. In IEEE 802. 11a systems, the signals have

operating frequencies in the neighborhood ofbetween 5 and 6 GHz, so these signals are clearly

wideband signals by any definition.

In narrowband systems, because the bandwidths are limited to hundreds ofkHz or less,

two or more receive signals from two or more respective antennas generally do not show

significant variations, i.e. the signals have a relatively flat response, within the signal bandwidth

60217436vl



ATH-0053 Page 6 Atty Docket No. 073169/0269534

relative to each other. This means that the two or more signals can be combined rather easily

using an antenna diversity combining technique with little risk of losing information by deviating

from the true signal or of the received signals cancelling each other out. Generally, the

amplitude and phase responses ofnarrowband signals do not vary as significantly across

antennas as with a wideband or broadband signal. A narrowband signal from one antenna may

be slightly attenuated due to a fading channel but the attenuation typically does not cause

problems in combining the antenna signal with a narrowband signal from another antenna.

In a broadband or a wideband signal system such as an IEEE 802. 11a compliant

communications system at frequencies around 5 GHz, however, the amplitude and phase

responses ofreceived signals can be expected to vary widely from each other across multiple

antennas. In fact, it can be shown that given sufficient separation distance between antennas, the

received signals are completely independent of each other. Combining completely independent

signals is troublesome as the signals may cancel each other out. More generally, wideband or

broadband RF signals cannot easily be summed up, at least not using traditional combination

methods and conventional narrowband diversity techniques. Although antenna diversity

techniques are well-known, these techniques are not applicable to a 5 or 6 GHz wideband

application.

It is possible to envision brute force implementations ofnormal fast antenna diversity

combining techniques to a 5 GHz system that would imply massive processing capability to

combine every subchannel separately. The signals would need to be separated into sections

having a narrow bandwidth ofhundreds ofKHz, for example, sections of300 kHz bandwidth to

drill down to a level at which the variations between the signals would be negligible for purposes

60217436vl



ATH-0053 Page 7 Atty Docket No. 073 1 69/0269534

of combining the signals. The signals would then have to be combined separately at each

section—implying separate combining logic at every section—which would achieve the desired

result, but at great complexity and at a huge cost. In effect, normal diversity techniques are

prohibitively expensive in an IEEE 802.1 la compliant environment, unless the performance

5 benefits derived from the techniques can justify the cost-a situation that is hard to envision in

the overwhelming majority of circumstances.

Needed are cost effective antenna diversity techniques that are suited to confront the

,^ unique challenges posed by high data rate systems such as IEEE 802. 11a compliant systems.

W SUMMARY

fy It is therefore an object of the invention to overcome the above-described problems and

* challenges.

!|! The present invention fulfills this object and others by providing in a one aspect of the

S present invention a method ofproviding antenna diversity in a communications system according

15 to a presently preferred embodiment. The communications system contains a transmission

device that sends and receives transmit and receive packets, respectively, at a single location.

The transmission device includes two antennas. One antenna of the two antennas is designated

as a default antenna. An antenna of the two antennas other than the antenna that is designated as

the default antenna is an alternate antenna. Each transmit packet is sent a first time using the

20 default antenna as a transmit antenna. For any transmit packet, the transmit antenna is whichever

antenna of the at least two antennas is used to send the transmit packet. Each receive packet that

acknowledges a previously sent transmit packet is listened for using as a receive antenna the
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transmit antenna that was used to send the previously sent transmit packet. For any receive

packet, the receive antenna is whichever antenna ofthe at least two antennas is used to listen for

the receive packet. All other receive packets are listened for using the default antenna as the

receive antenna. Which antenna ofthe two antennas is the default antenna and which antenna is

5 the alternate antenna are reversed. Transmission and reception results from only one antenna of

the two antennas are used to determine whether to reverse which of the two antennas is the

default antenna.

^ A method ofproviding antenna diversity in a communications system according to a

m presently preferred embodiment is presented in another aspect of the present invention. The

ffl communications system contains a transmission device that sends and receives transmit and

fU receive packets, respectively, at a single location. The transmission device includes two

antennas. One antenna of the two antennas is designated as a default antenna and the other

J: antenna ofthe two antennas is designated as an alternate antenna. The default antenna and the

X alternate antenna are redesignated by changing which antenna of the two antennas is designated

15 as the default antenna and which antenna is designated as the alternate antenna. Each transmit

packet that acknowledges a previously received receive unicast packet is sent using whichever

antenna was used to receive the previously received receive unicast packet. All other transmit

packets are sent a first time using the default antenna. Each receive packet that acknowledges a

previously sent transmit packet is listened for using whichever antenna was used to send the

20 previously sent transmit packet. All other receive packets are listened for using the default

antenna. For any transmit unicast packet, the alternate antenna is used to send the transmit
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unicast packet to a destination after a number of unsuccessful sends of the transmit unicast

packet using the default antenna.

A method ofproviding antenna diversity in a communications system according to a

presently preferred embodiment is presented in another aspect of the present invention. The

5 communications system contains a transmission device that sends and receives transmit and

receive packets, respectively, at a single location. The transmission device includes at least two

antennas. One antenna ofthe at least two antennas is designated as a default antenna. Each

transmit packet that acknowledges a previously received receive unicast packet is sent using

IJf whichever antenna was used to receive the previously received receive unicast packet. All other

If transmit packets are sent a first time using the default antenna. Each receive packet that

fB acknowledges a previously sent transmit packet is listened for using whichever antenna was used

s to send the previously sent transmit packet. All other receive packets are listened for using the

J default antenna. For any transmit unicast packet, if the transmit unicast packet is not

S successfully transmitted by the default antenna after one or more attempts to send the transmit

15 unicast packet, the transmit unicast packet is sent on an antenna of the at least two antennas other

than that antenna that is designated as the default antenna.

A method ofproviding antenna diversity in a communications system according to a

presently preferred embodiment is presented in another aspect ofthe present invention. The

communications system contains a transmission device that sends and receives transmit and

20 receive packets, respectively, at a single location. The transmission device includes at least two

antennas. One antenna of the at least two antennas is designated as a default antenna. An

antenna of the at least two antennas other than the antenna that is designated as the default
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antenna is an alternate antenna. Each transmit packet is sent a first time using the default

antenna. Each receive packet that acknowledges a previously sent transmit packet is listened for

using whichever antenna of the at least two antennas
{

was used to send the previously sent

transmit packet. All other receive packets are listened for using the default antenna. Any

5 transmit packet that was not successfully transmitted using one of the default antenna and the

alternate antenna is resent until any such transmit packet is successfully transmitted or until a

predetermined number of resends is reached. The default antenna is changed between the at least

two antennas in response to predetermined criteria that take into account which antenna

2 successfully transmitted any transmit packet during the step of resending such that once the

Iff) default antenna is changed, both the sending and listening steps will send and receive,

flj respectively, using the changed default antenna.

s An antenna diversity system according to a presently preferred embodiment is presented

5 in another aspect of the present invention. The system includes several mobile stations and an

J!f access point. The access point sends and receives transmit and receive packets, respectively, at a

;

f5 single location. The access point is configured to communicate with the mobile stations via the

transmit and receive packets. The access point includes at least two antennas, a switch, and a

transmit management interface. For any transmit packet, a transmit antenna is whichever

antenna ofthe at least two antennas is used to send the transmit packet. For any receive packet, a

receive antenna is whichever antenna of the at least two antennas is used to listen for the receive

20 packet. The switch changes between the at least two antennas. The transmit management

interface directs the switch and designates one antenna of the at least two antennas as a default

antenna. The interface changes which antenna of the at least two antennas is the default antenna
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in response to predetermined criteria that take into account the success of the transmit antenna in

transmission of transmit packets and the success of the receive antenna in reception ofreceive

packets. An antenna of the at least two antennas other than the antenna that is designated as the

default antenna is an alternate antenna. The default antenna is used as the transmit antenna to

5 send each transmit unicast packet a first time and to send each transmit broadcast packet. The

transmit antenna that was used to send a previously sent transmit packet is used as the receive

antenna to listen for each receive packet that acknowledges the previously sent transmit packet.

^ The default antenna is used as the receive antenna to listen for all other receive packets. For any

« transmit unicast packet, the alternate antenna is used to send the transmit unicast packet if the

Sj) transmit unicast packet is not successfully transmitted by the default antenna after one or more

ffj attempts.

2 An antenna diversity system according to a presently preferred embodiment is presented

J in another aspect ofthe present invention. The system includes an access point and a mobile

rf station. The mobile station sends and receives transmit and receive packets, respectively, at a

T5 single location. The mobile station is configured to communicate with the access point via the

transmit and receive packets. The mobile station includes at least two antennas, a switch, and a

transmit management interface. For any transmit packet, a transmit antenna is whichever

antenna of the at least two antennas is used to send the transmit packet to the access point. For

any receive packet, a receive antenna is whichever antenna of the at least two antennas is used to

20 listen for the receive packet from the access point. The switch changes between the at least two

antennas. The transmit management interface directs the switch and designates one antenna of

the at least two antennas as a default antenna. The interface changes which antenna of the at
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least two antennas is the default antenna in response to predetermined criteria that take into

account the success of the transmit antenna in transmission of transmit packets and the success of

the receive antenna in reception ofreceive packets. An antenna ofthe at least two antennas other

than the antenna that is designated as the default antenna is an alternate antenna. The default

5 antenna is used as the transmit antenna to send each transmit unicast packet a first time. The

transmit antenna that was used to send a previously sent transmit packet is used as the receive

antenna to listen for each receive packet that acknowledges the previously sent transmit packet.

The default antenna is used as the receive antenna to listen for all other receive packets. For any

15 transmit unicast packet, the alternate antenna is used to send the transmit unicast packet if the

rtf) transmit unicast packet is not successfully transmitted by the default antenna after one or more

jli attempts.

^ An antenna diversity system according to a presently preferred embodiment is presented

£ in another aspect of the present invention. The system includes several mobile stations in an ad

2 hoc network and a first mobile station in the ad hoc network. The first mobile station sends and

15 receives transmit and receive packets, respectively, at a single location. The first mobile station

is configured to communicate with the mobile stations via the transmit and receive packets. The

first mobile station includes at least two antennas, a switch, and a transmit management

interface. For any transmit packet, a transmit antenna is whichever antenna of the at least two

antennas is used to send the transmit packet. For any receive packet, a receive antenna is

20 whichever antenna of the at least two antennas is used to listen for the receive packet. The

switch changes between the at least two antennas. The transmit management interface directs

the switch and designates one antenna of the at least two antennas as a broadcast default antenna
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and one antenna of the at least two antennas as a destination default antenna. The interface

changes which antenna of the at least two antennas is the broadcast default antenna in response

to predetermined criteria that take into account the success ofthe transmit antenna in

transmission oftransmit packets and the success ofthe receive antenna in reception of receive

packets. The destination default antenna and the broadcast default antenna are not necessarily

the same antenna of the at least two antennas. An antenna of the at least two antennas other than

the antenna that is designated as the destination default antenna is a destination alternate antenna.

The destination default antenna is used as the transmit antenna to send each transmit unicast

packet a first time. The broadcast default antenna is used as the transmit antenna to send each

transmit broadcast packet. The transmit antenna that was used to send a previously sent transmit

packet is used as the receive antenna to listen for each receive packet that acknowledges the

previously sent transmit packet. The broadcast default antenna is used as the receive antenna to

listen for all other receive packets. For any transmit unicast packet, the destination alternate

antenna is used to send the transmit unicast packet ifthe transmit unicast packet is not

successfully transmitted by the destination default antenna after one or more attempts.

A method ofproviding antenna diversity in a communications system according to a

presently preferred embodiment is presented in another aspect ofthe present invention. The

communications system contains a transmission device that sends and receives transmit and

receive packets, respectively, at a single location. The transmission device includes at least two

antennas. One antenna of the at least two antennas is designated as a default antenna. An

antenna of the at least two antennas other than the antenna that is designated as the default

antenna is an alternate antenna. Each transmit packet is sent a first time using the default
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antenna as a transmit antenna. For any transmit packet, the transmit antenna is whichever

antenna of the at least two antennas is used to send the transmit packet. Each receive packet that

acknowledges a previously sent transmit packet is listened for using as a receive antenna the

transmit antenna that was used to send the previously sent transmit packet. For any receive

5 packet, the receive antenna is whichever antenna ofthe at least two antennas is used to listen for

the receive packet. All other receive packets are listened for using the default antenna as the

receive antenna. For any transmit unicast packet, ifthe transmit unicast packet is not

successfully transmitted by the default antenna after one or more attempts, the transmit unicast

J:^
packet is sent on the alternate antenna. Which antenna ofthe at least two antennas is the default

|P antenna is changed in response to predetermined criteria that take into account the success of the

ftJ transmit antenna in transmission of transmit packets and the success of the receive antenna in

a reception of receive packets,

jf A method ofproviding antenna diversity in a communications system according to a

Jl; presently preferred embodiment is presented in another aspect of the present invention. The

T5 communications system contains an access point that sends and receives transmit and receive

packets, respectively, at a single location. The access point is configured to communicate with

several mobile stations via the transmit and receive packets. The access point includes at least

two antennas. One antenna ofthe at least two antennas is designated as a default antenna. An

antenna of the at least two antennas other than the antenna that is designated as the default

20 antenna is an alternate antenna. Each transmit packet is sent a first time using the default

antenna as a transmit antenna. For any transmit packet, the transmit antenna is whichever

antenna of the at least two antennas is used to send the transmit packet. Each transmit broadcast
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packet is sent using the default antenna as the transmit antenna. Each receive packet that

acknowledges a previously sent transmit packet is listened for using as a receive antenna the

transmit antenna that was used to send the previously sent transmit packet. For any receive

packet, the receive antenna is whichever antenna of the at least two antennas is used to listen for

5 the receive packet. All other receive packets are listened for using the default antenna as the

receive antenna. For any transmit unicast packet, if the transmit unicast packet is not

successfully transmitted by the default antenna after one or more attempts, the transmit unicast

^ packet is sent on the alternate antenna. Which antenna of the at least two antennas is the default

antenna is changed in response to predetermined criteria that take into account the success ofthe

fU) transmit antenna in transmission of transmit packets and the success of the receive antenna in

ft! reception of receive packets.

f A method ofproviding antenna diversity in a communications system according to a

J: presently preferred embodiment is presented in another aspect ofthe present invention. The

2 communications system contains a mobile station that sends and receives transmit and receive

15 packets, respectively, at a single location. The mobile station is configured to communicate with

an access point via the transmit and receive packets. The mobile station includes at least two

antennas. One antenna of the at least two antennas is designated as a default antenna. An

antenna ofthe at least two antennas other than the antenna that is designated as the default

antenna is an alternate antenna. Each transmit packet is sent a first time using the default

20 antenna as a transmit antenna. For any transmit packet, the transmit antenna is whichever

antenna ofthe at least two antennas is used to send the transmit packet to the access point. Each

receive packet that acknowledges a previously sent transmit packet is listened for using as a
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receive antenna the transmit antenna that was used to send the previously sent transmit packet.

For any receive packet, the receive antenna is whichever antenna of the at least two antennas is

used to listen for the receive packet from the access point. All other receive packets are listened

for using the default antenna as the receive antenna. For any transmit unicast packet, if the

5 transmit unicast packet is not successfully transmitted by the default antenna after one or more

attempts, the transmit unicast packet is sent on the alternate antenna. Which antenna of the at

least two antennas is the default antenna is changed in response to predetermined criteria that

take into account the success of the transmit antenna in transmission of transmit packets and the

M success of the receive antenna in reception of receive packets.

:|jp A method ofproviding antenna diversity in a communications system according to a

RJ presently preferred embodiment is presented in another aspect of the present invention. The

* communications system contains a transmission device that sends and receives transmit and

£ receive packets, respectively, at a single location. The transmission device is configured to

% communicate with several destination transmission devices via the transmit and receive packets.

c

15 The transmission device includes at least two antennas. One antenna ofthe at least two antennas

is designated as a broadcast default antenna. One antenna ofthe at least two antennas is

designated as a destination default antenna. The destination default antenna and the broadcast

default antenna are not necessarily the same antenna of the at least two antennas. Each transmit

packet is sent a first time using the destination default antenna as a transmit antenna. For any

20 transmit packet, the transmit antenna is whichever antenna of the at least two antennas is used to

send the transmit packet. An antenna of the at least two antennas other than the antenna that is

designated as the destination default antenna is a destination alternate antenna. Each transmit
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broadcast packet is sent using the broadcast default antenna as the transmit antenna. Each

receive packet that acknowledges a previously sent transmit packet is listened for using as a

receive antenna the transmit antenna that was used to send the previously sent transmit packet.

For any receive packet, the receive antenna is whichever antenna ofthe at least two antennas is

5 used to listen for the receive packet. All other receive packets are listened for using the

broadcast default antenna as the receive antenna. For any transmit unicast packet, if the transmit

unicast packet is not successfully transmitted by the destination default antenna after one or more

attempts, the transmit unicast packet is sent on the destination alternate antenna. Which antenna

% ofthe at least two antennas is the broadcast default antenna is changed in response to

Jo predetermined criteria that take into account the success ofthe transmit antenna in transmission

f!J oftransmit packets and the success of the receive antenna in reception of receive packets.

=P BRIEF DESCRIPTION OF THE DRAWINGS

£ The foregoing and other features, aspects, and advantages will become more apparent

?
"\5 from the following detailed description when read in conjunction with the following drawings,

wherein:

FIG. 1 is a diagram illustrating the structure of a first exemplary wireless

communications network according to a presently preferred embodiment;

FIG. 2 is a diagram illustrating the structure of a second exemplary wireless

20 communications network according to a presently preferred embodiment;

FIG. 3 is a block diagram illustrating a transmission device according to the exemplary

networks of FIGS. 1 and 2;
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FIG. 4 is a flow diagram illustrating a first exemplary antenna switch diversity decision

structure according to a presently preferred embodiment and implemented on an access point in a

wireless network;

FIG. 5 is a flow diagram illustrating a portion ofthe first exemplary antenna switch

diversity decision structure of FIG. 4;

FIG. 6 is a flow diagram illustrating a second exemplary antenna switch diversity

decision structure according to a presently preferred embodiment and implemented on a mobile

station in a wireless network that includes an access point;

FIG. 7 is a flow diagram illustrating a portion ofthe second exemplary antenna switch

diversity decision structure of FIG. 6;

FIG. 8 is a flow diagram illustrating a third exemplary antenna switch diversity decision

structure according to a presently preferred embodiment and implemented on a mobile station in

a wireless ad hoc network;

FIG. 9 is a flow diagram illustrating a portion of the third exemplary antenna switch

diversity decision structure ofFIG. 8; and

FIG. 10 is a flow diagram illustrating another portion ofthe third exemplary antenna

switch diversity decision structure ofFIG. 8.

DETAILED DESCRIPTION OF THE PRESENTLY PREFERRED EMBODIMENTS

According to one aspect ofthe present invention, a presently preferred embodiment

leverages retransmission ofpackets to provide antenna switch diversity in an IEEE 802.1 la

compliant, 5 to 6 GHz environment. The decision to switch antennas is preferably made
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according to the signal from one antenna. The antenna diversity systems and methods described

herein according to the presently preferred embodiments provide, at a reasonable level of

complexity and cost, comparable diversity gain to traditional diversity techniques used in, for

example, traditional narrowband signal environments. The presently preferred embodiments of

the antenna switch diversity algorithm are advantageously implemented in packet-based

transmission environments rather than environments in which antenna are switched according to

received power.

The present invention will now be described in detail with reference to the accompanying

drawings, which are provided as illustrative examples of preferred embodiments of the present

invention.

FIG. 1 is a diagram illustrating the structure of a first exemplary wireless networked

communications system 100 that incorporates aspects of the presently preferred methods and

systems described herein. In a presently preferred embodiment, the system 1 00 is an 802. 1 1 a

compliant wireless system. The system 100 includes several client devices, mobile nodes, or

mobile stations (STA) STA 1 110, STA 2 112, STA 3 114, STAM 116, a base station or

access point (AP) 120, and a wired network 118, for example, an Ethernet LAN, coupled to the

AP 120. Each of the mobile stations 110, 116 and the AP 120 include two wireless

transceivers, for example, antennas, for transmission and reception ofRF energy. The mobile

station STA 1 110 includes antennas 122, 124 while the mobile station STA 2 112 includes

antennas 126, 128. The mobile station STA 3 114 includes antennas 130, 132, while the mobile

station STAM 116 includes antennas 134, 136. The AP 120 includes antennas 138, 140. Of

course, the system 100 is not limited to two antennas per device, and any number of antennas
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may be used as suitable subject to any technological, environmental, manufacturing, or

performance limitations. The system 100 represents a Base Station System (BSS) mode

network, or non-ad hoc network, because the wireless system 100 includes the AP 120. By

contrast, an ad hoc network is a network without a centralized control device, such as an access

5 point. In a BSS mode or non-ad hoc network configuration, a mobile station communicates

solely with the access point, while the access point is configured to communicate with any and

all of the mobile stations within its range of coverage. The AP 120 is a device that serves to

^ interface the wireless network ofmobile stations 110, 116 with the wired network 118, in this

m case, the Ethernet LAN. As shown in FIG. 1, multiple mobile stations 110, 116 may connect

f|0 to the wired network via the same AP 120. A wireless communications system such as system
r4

flj 100 allows mobility, so that, unlike a conventional wired network, users or mobile stations such

^ as mobile stations 110, 116 are permitted to move around while remaining connected to the

S wired network via the AP 120.

5 FIG. 2 is a diagram illustrating the structure of a second exemplary wireless networked

15 communications system 200 that incorporates aspects of the presently preferred methods and

systems described herein. In a presently preferred embodiment, the system 200 is an 802.1 la

compliant wireless system. The system 200 includes several client devices, mobile nodes, or

mobile stations (STA) STA 1 210, STA 2 212, STA 3 214, . . STAM 216. Each of the mobile

stations 210, 216 include two wireless transceivers, for example, antennas, for transmission

20 and reception ofRF energy. The mobile station STA 1 210 includes antennas 218, 220 while the

mobile station STA 2 212 includes antennas 222, 224. The mobile station STA 3 214 includes

antennas 226, 228, while the mobile station STAM 216 includes antennas 230, 232. Of course,
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the system 200 is not limited to two antennas per device, and any number of antennas may be

used as suitable subject to any technological, environmental, manufacturing, or performance

limitations. Contrasting this exemplary system 200 with the system 100 of FIG. 1, the system

200 represents an Independent Basic Service Set (IBSS) mode network, or an ad hoc network,

5 because the wireless system 200 includes only the mobile stations 210, . 216 — the system 200

has no access point or base station. An ad hoc network is a network without a centralized control

device, such as an access point. In this configuration, the mobile stations such as mobile stations

n 210, 216 are permitted to communicate with one another directly.

m A broadcast packet refers to a packet that is sent to all destinations in a wireless system.

ffjO A beacon broadcast packet, or beacon, is the main broadcast packet type. The beacon is a pre-

t y known broadcast packet type and serves as a pilot signal and a synchronization signal for the

destinations in the wireless system. The beacon provides destinations with timing information.

% The beacon is typically short in length and includes pre-specified information.

S A multicast packet refers to a packet that is sent to two or more pre-known destinations.

15 A directed or unicast packet refers to a packet that is sent directly to a specific destination and

thus typically requires an acknowledgement from the destination that uniquely receives the

packet. This is in contrast to broadcast and multicast packets, which are sent to multiple

destinations and typically do not require acknowledgements from the various destinations.

In some systems, a request to send (RTS) packet is sent from a source to a destination to

20 ask the destination whether the source can send a packet. If the destination successfully receives

the RTS packet and a send is acceptable, the destination responds with a clear to send (CTS)

packet. The source can then send a data packet, typically a unicast data packet, to the
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destination. The source is then sent an acknowledgement packet from the destination if the

unicast data packet is received successfully by the destination.

As a user or mobile station moves physically away from an access point such as the AP

120, or as the physical distance between mobile stations increases in an ad hoc network, the

5 probability of a failed transmission between the mobile stations increases. The signals to and

from the access point or to and from the mobile stations as applicable become weaker and

packets are more likely to be lost due to noise or received in error.

In the case of a failed transmission of a packet, the mobile station or access point can

resend the packet. In some cases, the mobile station or access point may resend the packet at a

yJ

f|0 lower data rate to increase the probability that the packet is received correctly.

pi In the case of the BSS system 100, the AP 120 sends broadcast packets, including

^ beacons to all of the mobile stations 110, . . 116. The mobile stations 110, . . 116 in the

J system 100 do not send packets of any type to one another and do not send broadcast packets to
D
S the AP 120, nor do the mobile stations 110, . . ., 116 send acknowledgement packets in response

15 to broadcast packets received from the AP 120, Rather, the AP 120 and the mobile stations 110,

116 transmit unicast packets to each other. The AP 120 is preferably configured to return an

acknowledgement packet in response to every unicast packet received at the AP 120. Similarly,

the mobile stations 110, 116 are preferably configured to return acknowledgement packets in

response to every unicast packet received at the mobile stations 110, 116.

20 In the case of the IBSS (ad hoc) system 200, there is no access point, only the mobile

stations 210, ...,216. Any of the mobile stations 210, 216 may send broadcast packets to all

of the mobile stations 210, . . ., 216. Preferably, beacon broadcast packets are sent by a different
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one of the mobile stations 210, . . ., 216 each time a beacon is sent. During the intervals between

beacons, any of the mobile stations 210, . . 216 may send packets to any other of the mobile

stations 210, . .
.
, 216. In contrast, then, to BSS mode, the mobile stations 210, . . 216 in the

system 200 do send packets to one another. The mobile stations 210, . . ., 216 do not send

acknowledgement packets in response to broadcast packets. Rather, the mobile stations 210,

216 transmit unicast packets to each other. The mobile stations 210, ., 216 are preferably

configured to return acknowledgement packets in response to every unicast packet received at

the mobile stations 210, 216.

The exemplary wireless communication systems 100 ofFIG. 1 and 200 ofFIG. 2 both

embody aspects of the presently preferred method and systems described herein. The methods

and systems will be described with reference to the exemplary systems 100, 200. Preferably, any

mobile station or access point such as those of wireless systems 100 and 200 can assume the

position of a source transmitter or a destination receiver. For example, the access point AP 120

of system 100 in FIG. 1 is capable of acting as a source transmitter to transmit packets to the

destination node mobile stations 110, 116, including broadcast packets to all ofthe mobile

stations 110, 116, multicast packets to some of the mobile stations 110, 116, and unicast

packets to any of the mobile stations 110, • •«, 116, in accordance with the presently preferred

embodiments of antenna diversity techniques described herein. Similarly, for example, the

mobile station STA 3 114 of the system 100 in FIG. 1 is capable of acting as a source transmitter

to transmit unicast packets to the destination AP 120. in accordance with the presently preferred

embodiments of antenna diversity techniques described herein. The mobile station STA 2 214 of

the system 200 in FIG. 2, for example, is capable of acting as a source transmitter to transmit
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packets to destination node mobile stations STA 1 210, STA 3 214, . . STAM 216, including

broadcast packets to all ofthe mobile stations 210, 214, 216, multicast packets to some of the

mobile stations 210, 214, 216, and unicast packets to any of the mobile stations 210, 214,

216, in accordance with the presently preferred embodiments of antenna diversity techniques

described herein.

FIG* 3 is a block diagram illustrating an exemplary transmission device 300, such as an

access point or a mobile station, according to a presently preferred embodiment. In a preferred

embodiment, the transmission device 300 is an IEEE 802. 11a compliant device. The device 300

includes a transmitter/receiver (T/R) 310, a memory 320, a bus interface unit (BIU) 340, and a

combined hardware/software unit (HSU) 330. The HSU 330 transfers packets from the BIU 340

into the memory 320. In addition, the HSU 330 queues packets for the T/R 310 so that the HSU

330 preferably controls the order in which packets are sent. The T/R 310 preferably includes

two or more wireless transceivers, for example, antennas 360-1, 360-N, for transmission and

reception ofRF energy and a switch 350 to switch between the antennas 360-1, 360-N. In a

presently preferred embodiment, the number of antennas N is equal to two, and the T/R 310

includes the antennas 360-1, 360-2, More generally, the device 300 is not limited to two

antennas, and any numberN of antennas may be used as suitable subject to any technological,

environmental, manufacturing, or performance limitations.

Describing the transmission device 300 with respect to the systems 100, 200, the device

300 represents any of the AP 120, the mobile stations 110, 116 of FIG. 1, and the mobile

stations 210, 216 ofFIG. 2.
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Preferably, in ad hoc network embodiments, the device 300 is a mobile station with the

HSU 330 including an antenna table 370. Although the antenna table 370 is illustrated in FIG. 3,

in other embodiments the HSU 330 does not include an antenna table. The antenna table 370 is

explained in more detail below.

Referring again to FIG. 3, depending on the implementation, the HSU 330 may be used

in place of a conventional local processing unit and may partition some ofthe functions and

features of the conventional local processing unit between hardware and software. The HSU 330

may also include functionality of a main host processor, ifpresent on the device 300. For

example, an access point generally includes a processor while a mobile station, depending on the

implementation, may not include a processor but rather might include a dedicated hardware chip.

For example, in a PCMCIA card implementation for a laptop or other device, the card typically

does not include a processor.

The software portion ofthe HSU 330 preferably includes a software device driver that

executes on the device 300 ofFIG. 3. Preferably, the device driver ofthe HSU 330 creates

transmit and receive descriptors for processing of the packets. The transmit and receive

descriptors are HSU 330 software/hardware additions to packets in order to assist the HSU 330

hardware with processing of the packets. Preferably, each packet to be sent by the T/R 310 has

at least one corresponding transmit descriptor. A transmit descriptor describes all or part ofa

particular packet to be sent so that the packet may be sent into the network. Similarly, each

packet received by the T/R 310 preferably has at least one corresponding receive descriptor. A

receive descriptor describes all or part of a particular packet received so that the packet may be

processed by the device 300, and more particularly the HSU 330. A description and explanation
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of the operation of the packet transmit descriptors is beyond the scope of this description and is

not be presented here so as not to distract from the central concepts herein presented.

Without multiple antennas and an algorithm or other method to change between the

antennas, an antenna may persistently and fruitlessly attempt to send and/or listen for packets

5 over a bad channel. Antenna switching diversity techniques are implemented by the HSU 330 in

order to detect and handle situations where antenna switching may be needed to find a good

channel. In a preferred embodiment, the software device driver of the HSU 330 queues the

packets, and the hardware portion of the HSU 330 analyzes packets in order to, for example,

determine whether a transmit antenna, a receive antenna, or both should be changed. Depending

K> on the situation, the decision to switch between antennas using the switch 350 is determined

fll responsively to hardware processes or to software processes of the HSU 330.

The switch 350 and other design issues

C in IEEE 802.1 la compliant environments, i.e., environments with operating frequencies

t5 of 5 to 6 GHz, implementing and switching between multiple antennas present design

challenges. An involved discussion of the particular design challenges is beyond the scope of

this description and is not be presented here so as not to distract from the central concepts herein

presented. A high quality design characteristic is important, however, and several issues and

areas of concern can be identified.

20 The physical separation between the multiple antennas is an important concern. In a

preferred embodiment, two antennas are mounted on a printed circuit board or similar platform

and are physically separated from one another to keep the signals independent of each other.
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Typically the operational frequency/is fixed by the application and the frequency limits design

choices for the dimensional properties ofthe antenna used in the application. In general, for an

antenna arrangement such as a typical monopole antenna, the operating wavelength X is related

to the operating frequency / through the following relation:

where c is the speed of light in vacuum and ^ is a relative permittivity associated with the

insulator. For optimum performance of antennas and independent receive performance at a

5 particular frequency / of operation the minimum separation distance between antennas is

!1i approximately one-halfofthe operating wavelength X at that operating frequency /, or ^

.

ip The antennas imply a switch, for example, the switch 350 ofFIG. 3, to which the

0 antennas and a receive filter are to be matched. Impedance matching of the antennas to the RF

receiver is important at GHz frequencies to prevent reflections and build up ofphasors at the RF

rf receiver output. The switch 350 itself is preferably a high tolerance, extremely fast switch able

to operate at times on the order ofmicroseconds. One important issue is minimizing leakage,

15 due to switching, between transmitting and receive antennas. The transmitter typically operates

at a much higher power than the receiver and as such preventing leakage between the transmitter

and the receiver is essential. In most systems, the transmitter operates in a different frequency

band than the receiver to avoid leakage. In IEEE 802. 11a systems, the transmitter and the

receiver operate within the same band and the same channel so that isolating the transmitter from

20 the receiver presents challenges. Other issues are selecting the antenna pattern and designing the

shape ofthe antennas depending on the working environment and on what type ofpropagation is
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desired. Overall, multiple antennas create mismatch issues that need to be accounted for in robust

and efficient design.

Antenna Switching Strategies And Justification For The Strategies

5 It is not unusual for an antenna to receive a signal across a fading channel. Multiple

antennas are typically used in communication systems to provide another option to turn to, in the

event ofpoor signal reception due to a fading channel, so that a good channel with no fading can

be found. Some examples of causes of a fading channel include phase shift in the signal and

JJf multipath interference errors. The RF energy that is transmitted between antennas can

experience destructive and constructive interference due to multiple paths taken by the energy

fl| with multiple delays on the way to a receive antenna. The interference can cause a receive

s antenna to receive a packet in error or to miss a packet entirely.

+ Traditionally, fast antenna diversity techniques have been used to manage multiple

2 antennas. For example, the receive signals from two or more antennas of a radio are compared

1

1 5 with each other in terms of reception quality, or the signals are otherwise combined. In the case

of a comparison ofreception quality, the radio is typically switched to using whichever of the

two or more antennas had the best reception. In a high data rate system such as an IEEE 802. 11a

system, comparing the reception quality ofreceived signals from two or more antennas is

problematic because the time that the testing implies presents a drain on system resources and

20 performance.

As for combining signals, the OFDM signals received in an IEEE 802.1 la system present

amplitude and phase responses that can be expected to vary widely from each other across
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multiple antennas. In fact, as described above, given sufficient separation distance between

antennas, the received signals are completely independent of each other. Combining completely

independent signals is troublesome as the signals may cancel each other out. Combining

received signals individually at the sub-channel level would be a brute force solution for

5 managing multiple antennas-but a prohibitively expensive and complex solution in most cases.

Ideally, antenna diversity techniques are used when a particular channel is fading due to

multipath effects so that changing from one antenna to another antenna provides another

communication channel that in all probability is not fading. In many cases, however, the errors

-0 with packets might not be due to a fading channel The antenna might be receiving or

iff transmitting over a good channel that is not fading, but packets may still be lost due to noise or to

S a variety of other factors that can cause errors from transmitter or receiver. If the antenna is

P already using a good channel, it would be desirable for obvious reasons not to switch or change

J* the antenna to another antenna.

J3 According to one aspect of the present invention, a presently preferred embodiment

f5 leverages retransmission ofpackets to provide intelligent antenna switch diversity in an IEEE

802.1 la compliant, 5 to 6 GHz environment. The decision to switch antennas is preferably made

according to the signal from one antenna.

Depending on the type ofpacket being sent or received, i.e., broadcast and multicast, or

unicast, and the particular transmission device 300, such as an access point, a mobile station in a

20 network with an access point, or a mobile station in an ad hoc network, different antenna switch

diversity scenarios are employed and is be discussed in more detail below.
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Preferably, rather than switching antennas at the receiver, the antenna that is used to

retransmit a packet is switched at the transmitter. In nearly all instances, switching the antenna

at the transmitter is just as effective as switching the antenna at the receiver. In addition, once a

transmit antenna is found that can successfully transmit a packet to a receive antenna, antenna

reciprocity usually holds. That is, a packet that is transmitted from the receive antenna can

usually be received well by the antenna that had been used to transmit the previous packet.

Therefore, once an antenna pair is found that works in one direction it is very likely to work in

the other direction as well.

For switch diversity to work properly, one entity that is receiving packets from another

cannot switch its receive antenna if the other entity is also going to switch its transmit antenna,

because the possibility exists that both entities might switch antennas and fall into, or maintain, a

fading channel. The assumption is made that the one entity only switches and the other entity

fixes the receive antennas (or the transmit antennas, as the case may be). Preferably, the

transmitter switches its transmit antenna and the receiver maintains its receive antenna.

Preferably, at the receiver, slow antenna switch diversity is employed. A receiver is

preferably configured to decide to try switching antennas if certain periodic signals are missed or

received in error. This helps the long term learning of the best receive antenna.

For example, referring to FIG. 1, in an access point network, for transmission of a unicast

packet to any given mobile station of the mobile stations 110, 116, the AP 120 switches its

transmit antenna in the event of a failure to receive an acknowledgement packet in response to

the unicast packet. The mobile station, by contrast, maintains its receive antenna unless after a
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period oftime the mobile station learns that it is missing packets from the AP 120, at which time

the mobile station switches the receive antenna.

A path is a link between two antennas. In the simplest example of an antenna at a

receiver and an antenna at a transmitter, there is one path. Path diversity is the number ofpaths

5 available from the transmitter to the receiver. If the transmitter has n antennas and the receiver

has m antennas, then there is a path diversity ofn*m. For the case above, according to FIG. 1,

the AP 120 has, for example, two antennas and any one ofthe mobile stations 110, 116 has,

for example, two antennas-- so that there is a path diversity of four (2*2 = 4).

S The systems and methods are structured so that, even if a mobile station with two

fif antennas encounters an AP that has only one antenna, there is still a path diversity oftwo (2
*

m 1 =2), and the mobile stations perform receive antenna switch diversity for broadcast packets

s from the AP.

*F Analysis ofwave behavior of channel models for 5 GHz radiation in an indoor

S environment yields the observation that the reception behaviors oftwo antennas separated by at

y
15 least half a wavelength are completely independent of each other. The wavelength for a 5 GHz

wave is on the order of centimeters. If observations are made ofthe signal receivers ofthe two

antennas separated by half a wavelength (approximately 3 cm) at 5 GHz, no correlation is found

between the receive signals so that the signals are clearly being received over separate,

independent channels. Based on statistical expectation, ifone oftwo channels received by

20 respective antennas separated by at least half a wavelength is fading, then the probability ofthe

other channel being in fade is rather small.
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The basic theory behind antenna switch diversity at the transmitter rather than the

receiver is that iftwo antennas can be assumed to receive independently of each other, then if

one is receiving a fading channel, the other is not likely to be receiving a fading channel,

depending on the level of coverage in the wireless system. Once confident that the antenna is

5 indeed receiving a fading channel, based on statistics, the transmit antenna can be switched to a

new antenna and presumably a channel that is not fading.

Referring to FIG. 1, assume that the AP 120 is attempting to send a unicast packet to the

^ mobile station STA 3114. Assuming a data rate, a given transmit power, and a given receiver

S sensitivity, the likelihood ofreceiving a channel can be estimated. These estimates can serve as

jj§ a prediction for the overall coverage and thus the outage of a particular system. Although the

RJ IEEE 802. 1 1 standard does not specify an outage parameter value, assume that a desirable outage

l_.
for the particular system is 1 0 percent, that is, a design goal of 90 percent coverage. This is a

£ comfortable estimate based on historical analyses of 5 GHz channel environments. The outage of

S 10 percent means that 10 percent of the time a single antenna might not be sufficient to pick up a

1 5 channel that is not fading.

Assume that the AP 120 begins to send the unicast packet to the mobile station 114 on

the AP's 120 antenna 138. The AP's 120 antennas 138, 140 are placed at a separation distance

greater than half a wavelength so that the antennas 138, 140 can be assumed to receive signals

independently. The AP 120 listens for an acknowledgement packet from the mobile station 114

20 on the AP's 120 antenna 138 for a period of time. Assume that an acknowledgement packet is

received in error, or that the packet is missed outright, meaning that, for example, the mobile

station 114 did receive the packet at all, or that the acknowledgement packet failed to reach the
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AP 120. At any rate, the initial transmission ofthe unicast packet is not successful. Then, the

AP 120 resends the unicast packet to the mobile station 114 on the same antenna 138. The AP

120 listens for an acknowledgement packet from the mobile station 114 on the same antenna 138

for a period of time. Assume again that an acknowledgement packet is received in error, or that

5 the packet is missed outright, meaning that, for example, the mobile station 1 14 did receive the

packet at all, or that the acknowledgement packet failed to reach the AP 120.

Now, the AP 120 has sent and resent the unicast packet to the mobile station 1 14 with no

successful result. The IEEE 802. 1 1 standard specifies that systems be designed to meet a packet

% error rate (PER) of 1 0 percent, on average. The statistical estimate of 90 percent coverage is

H based on the target PER of 10 percent and the delay spread behavior of the signal environment,

fli A coverage rate of90 percent for a given environment means that, within the coverage area of,

~
for example, an access point transmitting signals into space in that environment, 90 percent of

§ the time a device can definitely receive signals with a PER of 1 0 percent, while 10 percent of the

IJ time signals might be missed by the device due to a bad or fading channel. Assuming that the

% IEEE 802. 1 1 system has been designed to meet a PER of 1 0 percent, the chance oftwo packets

in a sequence being received in error is 1 percent, that is, 1/10 * 1/10 = 1/100. Since the

probability of receiving two consecutive packets in error is 1 percent, and the probability of

outage has been designed to be 10 percent, there is a higher chance that failure is caused by

outage. It is more likely (by a factor often) that it is the outage that is dominant-that is, it is a

20 bad or fading channel that is causing the errors.
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Of course, although experimentally attempting transmission for a third time on the same

antenna made no meaningful difference in the ultimate result, more than two attempts at

transmission ofthe same packet by the same antenna may be attempted.

Statistically, ifone of the antennas has a fading channel, the chances of the other antenna

receiving a fading channel is very small. Assuming antennas receiving independently and a

probability of outage of 10 percent, there is approximately one percent chance, that is, 1/10 *

1/10 = 1/100, ofboth channels being in fade. By that logic, the transmit antenna should be

switched and the packet resent on another antenna. The AP 120 switches its transmit antenna

from the antenna 138 to the other antenna 140. Assume that the AP 120 resends the same

unicast packet to the mobile station 114 on the AP's 120 other antenna 140. The AP 120 listens

for an acknowledgement packet from the mobile station 114 on the AP's 120 antenna 140 for a

period of time. Note that the AP 120 uses the same antenna to listen for an acknowledgement

packet that it does to transmit a unicast packet. Assume that transmission ofthe unicast packet

by the antenna 140 is not successful, that is, that the third overall attempt at transmission fails.

Then, the AP 120 resends the unicast packet to the mobile station 114 on the same antenna 140.

The AP 120 listens for an acknowledgement packet from the mobile station 114 on the antenna

140 for a period of time. Finally, assume that the retransmission of the unicast packet by the

AP's 120 antenna 140, i.e., the fourth send overall, is not successful. At this point, it can be

inferred with 99 percent confidence that the data rate is too high and that the transmission ofthe

packet should be aborted. Lower data rates require a lower signal to noise ratio, so a signal with

worse quality can typically be successfully transmitted if the data rate is low enough. The AP
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120 then aborts transmission of the unicast packet and attempts to send the unicast packet at a

lower data rate at a later time.

Of course, although experimentally attempting transmission on a third antenna (if

available) made no meaningful difference in the ultimate result, any number of attempts at

5 transmission of the same packet by additional antennas beyond the first two antennas, or by

either or both ofthe first two antennas may be performed as suitable, depending on the

environment and the coverage rate.

For example, the frequency of collisions, the suspicion of collision, or the overall load in

2 a particular system, might dictate that a higher number of retries be performed using the first

% antenna, as well as a higher overall number of retries on all antennas. Preferably, the general

ffj rule for unicast packets, however, is to attempt transmission twice on each antenna, starting with

« the default antenna, and alternating antennas on every other attempt, until the number of retries is

% exhausted.

% Of course, in this example, the AP 120 has two antennas, although the AP 120 is not

1 5 limited to two antennas, an multiple antennas may be used as suitable. Theoretically, the

strategies described apply to any number of antennas. However, in a presently preferred

embodiment, the antennas are typically spaced at a minimum of one-halfwavelength from each

other to ensure that the antennas receive independently of each other. Practically, environmental,

technological, and process considerations dictate an upper limit on the number of antennas that

20 may be used.

For example, in a 5 GHz implementation, the wavelength is about 6 cm and a half-

wavelength is about 3 cm. Three or four antennas might fit on an access point, while on mobile
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stations there is generally be less space and typically two antennas are used. However,

manufacturers are integrating antennas into laptops so that in the future mobile stations are

expected to fit more antennas.

While many of the examples used herein refer to two antennas per transmission device, it

will be evident to those skilled in the art that the antenna diversity systems and methods

described herein according to the presently preferred embodiments can easily be extended to,

applied to, and used with any number of antennas per transmission device as suitable.

The Hardware/Software Unit (HSU) 330

One issue with switching between two or more antennas is how to implement the

switching decision process. Preferably, the decision process is controlled both at the software

level and the hardware level of the HSU 330. Preferably, the hardware controls the switch 350,

and the software supplements the hardware role with long-term learning ofwhich antenna to use

as the default antenna. The HSU 330 may, for example, create and maintain the antenna table

370, described in more detail below, to associate different antennas with different destination

nodes.

An implication of switching antennas in software is that software has major delays

relative to the processing time ofpackets. For example, it may take 10 to 20 packets to switch

between antennas using software. In many instances, faster switching of the antennas is

desirable. Preferably, the devices are capable of switching antennas at one or two packets, so

that it is disadvantageous to rely solely on software to make the decision to switch antennas. If

the antennas are switched in response to a decision structure implemented in hardware and based
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on immediate results ofpacket sends and receptions, the antennas can be switched much faster,

for example, in the time it takes to process a packet, on up to the processing time for four or five

or more packets.

In a presently preferred embodiment, the antennas are switched in accordance with

5 hardware processes executed in the short-term, and based on the immediate results of attempts to

send or receive packets. As used herein, the terms short-term and immediate are intended

broadly to refer to the times needed to process a number of packets, the number ofpackets

^ ranging anywhere from a fraction of a packet on up to nine packets.

m The hardware preferably includes control logic such as registers that, for example, count

}Q the number ofpackets received in error, or that store the number of attempts to retry sending a

ill packet, or that store a value that indicates the most recently successful antenna in transmission or

^ reception. Preferably, the control logic and registers provide feedback data that inform the

J! decisions ofwhether or not to switch the antennas on a short-term basis.

S In a presently preferred embodiment, the antennas are switched in accordance with

15 software processes executed in the long-term, and based on the results of attempts to send or

receive packets over an extended time. As used herein, the terms long-term and extended time

are intended broadly to refer to the time needed to process ten or more packets.

Preferably, the software tracks data over the long-term that inform the decisions of

whether or not to switch the antennas on a long-term basis. For example, in the case of an access

20 point, if the access point determines that it is having difficulty reaching destination mobile

stations, the access point may switch between antennas after a time period preferably set in

software. The length of the time period can be decided upon empirically in accordance with
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testing. Preferably, the long-term software learning scheme overlaps the short-term hardware

learning scheme in deciding whether to change between the two or more antennas.

In a presently preferred embodiment, the HSU 330 performs a variety of functions. The

HSU 330 implements antenna switch diversity techniques, transfers packets from the BIU 340

5 into the memory 320, determines whether a transmission of a packet was successful, or whether

a packet was received successfully, generates interrupts at the T/R 310, and requeues,

manipulates, and stores packets in the memory 320. Several tasks and functions are preferably

assigned to one or the other ofthe hardware and software portions of the HSU 330. For

S example, in a presently preferred embodiment, the HSU 330 software device driver that executes

II on the device 300 can queue packets, or form a queue ofpackets for transmission. The HSU 330

|~""e

fij software device driver preferably can control the order in which packet are sent and decide

* whether or not to send a packet. The HSU 330 software device driver preferably can requeue,

J? discard, perform manipulations on, or store packets in memory for later processing. The HSU

it? 330 software device driver preferably can create transmit and receive descriptors, and set or clear

15 the value of a field, for example a bit value, in a transmit descriptor. The fields preferably

contain instructions to the hardware for processing of the packets.

Similarly, in a presently preferred embodiment, the HSU 330 hardware preferably can

operate the switch 350 to cause the antennas to be switched. Depending on the situation, the

decision to switch between antennas is determined responsively to hardware processes or to

20 software processes ofthe HSU 330. The HSU 330 hardware preferably can process or attempt to

process or transmit a packet from a queue. The HSU 330 hardware preferably can analyze

packets, including inspecting and examining the fields of a transmit descriptor corresponding to
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the packet, for example, to determine whether a transmit antenna, a receive antenna, or both is to

be changed or switched using the switch 350. The HSU 330 hardware preferably can block or

allow the transmit of the packet to the destination.

In describing the operation of the transmission device 300, functions are attributed to the

hardware and the software portions of the HSU 330. It will be understood by those skilled in the

arts ofcomputer organization, communications, and networking, that other implementations are

possible. For example, hardware may perform a function that herein is attributed to the HSU 330

software or to a device driver executing on the device 300, for example. Similarly, software may

perform a function that herein is attributed to the HSU 330 hardware.

The Antenna Table In Ad Hoc Mode

In an ad hoc network such as the system 200, the HSU 330 preferably, for each particular

destination mobile station, identifies a corresponding individual antenna ofthe multiple antennas

that is empirically known to communicate successfully with the particular destination mobile

station. Preferably, the HSU 330 changes which of the multiple antennas is the destination

default antenna based on the identified corresponding individual antenna and the particular

mobile station. The HSU 330 preferably creates the antenna table 370 of identified

corresponding individual antennas and consults the antenna table 370 to change which of the

multiple antennas is designated as the destination default antenna for a particular destination

mobile station. Similarly, the HSU 330 preferably consults the antenna table 370 to change the

transmit antenna for a particular destination mobile station. In one embodiment, the antenna

table 370 indicates for a given destination mobile station, which antenna of the multiple antennas
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has been most successful, preferably most recently successful, in communicating with the given

destination mobile station via unicast packets. That antenna then preferably becomes the

destination default antenna. The antenna table 370 is preferably updated for a given destination

mobile station after every successful transmission of a unicast packet to, or successful reception

5 of a unicast packet from, a destination mobile station of a unicast packet.

In a preferred embodiment, a software process of the HSU 330 creates the antenna table

370. The antenna table 370 is updated with the last successful transmit or receive antenna.

Before sending the transmit descriptor to the HSU 330 hardware, the software device driver of

S the HSU 330 performs a look up into the table to choose the best transmit antenna for the

j| destination mobile station, that is, the destination default antenna and loads the bit value or

m values corresponding to the destination default antenna into a field in the transmit descriptor.

From the perspective of an ad hoc mobile station, it is as if the mobile station is transmitting to

% multiple access points-- although of course the destinations are other mobile stations- and the ad

S hoc mobile station has a separate destination default antenna for each destination for

f£ transmission ofunicast packets. For broadcast packets, the default antenna is the same for all

destinations and is termed the broadcast default antenna. From the perspective ofthe ad hoc

mobile station, broadcast packets are sent to all destinations, so there is no rationale for changing

the broadcast default antenna for individual destinations over the short term. In addition, from

the perspective of an ad hoc mobile station listening for broadcast packets, the receiving mobile

20 station does not know from which mobile station a broadcast packet will next be received so

there is little point in changing the broadcast default antenna for receiving from individual

destinations over the short term.
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The antenna bit values stored as entries in the antenna table 370 preferably indicate, for

each destination or for each address that identifies the destination, which antenna is to be used to

send to that destination. When a packet is to be sent to a particular destination in ad hoc mode,

the bit field in the transmit descriptor is populated with the antenna bit value from the antenna

5 table 370 corresponding to that particular destination. In this exemplary embodiment, the

antenna bit values, each corresponding to a particular destination node, are stored in the antenna

table 370.

In a presently preferred embodiment, the antenna table 370 for the transmission device

S 300, here representing a mobile station in an ad hoc network, stores M- 1 entries, theM

lij corresponding to the total number of ad hoc mobile stations and the M- 1 corresponding to the

m destination node mobile stations to which the ad hoc mobile station is capable oftransmitting

7 packets. In one embodiment, M-l=2
6
=64. Of course, this value is exemplary, andM may take

=F on other values. From the perspective ofthe transmission device 300, if there areM destination

5 nodes 1 , 2, . . . M, then any individual one destination node is referred to as the Pth destination

15 node or destination node P.

Although in a preferred embodiment the antenna table 370 is created and implemented in

software, in other embodiments, the antenna table 370 can be implemented in hardware. For

example, the transmit descriptors ofunicast packets awaiting transmission to particular

destinations can be examined by hardware and used to index into an antenna table in hardware to

20 determine which antenna to use for a particular destination. The hardware could store the

antenna table as, for example, an on-chip array. The hardware could also update bit values in the

antenna table responsively to transmit or receive descriptors.
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Overview OfThe Antenna Switch Diversity Algorithm

The basic theory of the antenna switch diversity algorithm is that at any given time, there

is a default antenna and one or more alternate antennas. Assuming for purposes of an example

5 that there are two antennas, there would be a default antenna and an alternate antenna. Default

and alternate are designations in the algorithm given to physical antennas. Whichever antenna is

the default (or the alternate) at any given time has particular functions assigned to it. For

example, in a device 300 with two antennas, antenna 0 and antenna 1, at one time, the default

S and the alternate would be the antennas 0 and 1 ,
respectively, while at another point in time the

fij default and the alternate would be the antennas 1 and 0, respectively.

Preferably, in ad hoc networks, there is a default antenna and an alternate antenna for

7 broadcast packet transmission and for listening for packets, while for each destination mobile

i station there is a destination default antenna and a destination alternate antenna. For example, in

azzs.

% an device 300 with two antennas, antenna 0 and antenna 1 , in an ad hoc system, at one time, the

% broadcast default and the broadcast alternate would be the antennas 0 and 1, respectively, while

simultaneously the destination default and the destination alternate for a destination P would be

the antennas 1 and 0, respectively.

The transmit antenna refers to the antenna that is used to send any given packet at any

given time. If a packet was just sent by antenna 0, antenna 0 was the transmit antenna. If a

20 packet was just sent by antenna 1, antenna 1 was the transmit antenna. The receive antenna

refers to the antenna that is used to wait for, listen for, attempt to receive, or receive any given

packet at any given time. If a packet was just received by antenna 0, antenna 0 was the receive
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antenna. If a packet was just received by antenna 1 , antenna 1 was the receive antenna. If an

antenna is waiting for or listen for a packet, that antenna is the receive antenna.

The antenna switch diversity algorithm is preferably based on the following principles:

1) . At any given time there is a default antenna for the given mobile station or AP (a

broadcast and destination default for ad hoc mobile stations). All first sends ofpackets and first

attempts to listen for packets other than acknowledgement and CTS packets (if applicable) occur

on the default antenna.

2) . The antenna that was just used to transmit a packet is always used to listen for any

packet that is expected to be received in response to that packet, for example, acknowledgement

and CTS packets (if applicable), regardless of the default antenna.

3) . The antenna that was just used to successfully receive a packet is always used to

send any packets that are expected to be sent in response to that packet, for example,

acknowledgement and CTS packets (if applicable), regardless ofthe default antenna. That is, a

packet acknowledging a received packet is sent with the same antenna that was used for

reception. Similarly, a CTS packet is sent with the same antenna that an RTS was received on.

4) . Once an RTS packet/CTS packet/data packet/acknowledgement exchange

sequence is under way, the transmit and the receive antennas should not be changed, regardless

ofthe default antenna.

5) When transmitting a unicast packet, change the transmit antenna on every other

attempt until a maximum number ofretries is exhausted or an acknowledgement is received.

Preferably, in accordance with these principles, the antenna that is designated as the

default antenna is used as the following:
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a) , as the first antenna on which transmission of a packet is attempted;

b) . as the antenna that is used to wait and listen for packets other than acknowledgement

packets and CTS packets (if applicable); and

c) . as the antenna with which acknowledgement packets and CTS packets (if applicable)

5 are sent when packet are received, since generally packets are received on the default antenna.

Preferably, the antenna that is designated as the alternate antenna is used as the

following:

a), as the antenna on which transmission of a unicast packet is attempted after the default

S antenna has failed in the transmitting the unicast packet at least twice in a row, that is, after the

H default antenna failed to successfully receive any acknowledgement packet in response to the

fy unicast packet;

s b). as the antenna that is used to wait and listen for any packet that is expected to be

± received in response to a packet that was just sent using the alternate antenna, for example,

rif acknowledgement and CTS packets (if applicable).

15 Preferably, which of the antennas is designated as the default antenna and which is

designated as the alternate antenna can be swapped according to different methods. Preferably,

the current value of the default antenna is readable by the HSU 330 software driver at all times.

Preferably, the HSU 330 software driver can change the default and alternate antennas

designations at any time. Practically, however, the software driver is preferably forbidden from

20 changing antenna designations when transmissions are taking place, or when an antenna that just

sent a packet is waiting for an acknowledgement or a CTS packet (if applicable) of a sent packet.
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Generally, the software driver changes the default and alternate designations following long-term

software learning.

In a preferred embodiment, the HSU 330 software driver selects one ofthe following two

modes for selecting the default antenna on a more packet by packet basis. In one mode, the

5 antenna that is the default antenna is selected based on a field, AntModeXmit, in the transmit

descriptor that comes with each packet to be transmitted to a destination, as described above.

The field value is retained as the default antenna, at least for a given destination, until the next

„ transmit packet, at which time the new descriptor value is used. This mode is preferably used by

m the AP 120 of FIG. 1 and mobile stations 210, 216 in the ad-hoc network of FIG. 2. In the

|B case ofthe AP 120, transmit descriptors all have the same default antenna value, until it is

fU decided that the default antenna should be switched following long-term software learning, for

1. example, hi that case, the HSU 330 software driver changes the value in the descriptor so that a

j transmit packet is sent on a new default antenna specified in the transmit descriptor. In the ad hoc

S network, broadcast packet transmit descriptors all have the same broadcast default antenna value,

1 5 until it is decided that the broadcast default antenna should be switched following long-term

software learning, for example. In that case, the HSU 330 software driver changes the value in

the descriptor so that a broadcast packet is sent on a new default antenna specified in the transmit

descriptor. In the ad-hoc network, the HSU 330 software driver preferably builds the antenna

table 370 that, for each destination mobile station, indicates which antenna was most recently

20 successful in transmission and/or reception of a unicast packet, hi a preferred embodiment, the

antenna table 370 indicates for a given destination mobile station which antenna was most

recently successful in transmission of a unicast packet, i.e., that received, for example, an
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acknowledgement packet from the given destination mobile station. As the antenna table 370 is

built and updated, the antenna table 370 preferably specifies the destination default antenna in

the transmit descriptor for each unicast packet to be sent.

In another mode, a field value, AntModeXmit, in the transmit descriptor is preferably

5 ignored. Instead, the antenna that was last successful in transmitting a unicast packet or

receiving a unicast packet is designated as the default antenna. Since the default antenna

receives packets, receiving a unicast packet typically results in maintaining the value of the

default antenna. This mode is preferably used by the mobile stations 110, 116 in the access

~; point network ofFIG. 1, since any mobile station of the mobile stations 110, 116 sends

fg packets only to the AP 120 and can thus quickly benefit from assigning the default antenna based

m on the last successful transmission. Preferably, the default antenna is not updated if all attempts

s at transmitting a unicast packet fail; rather, the default antenna is maintained from the last

JP successful transmission. Preferably, in cases ofhardware or software reset, where no prior

~f information is available, preferably default values are used to indicate the default antenna, for

f5 example, programmed into hardware, and the AntModeXmit field is initially used to determine

the transmit antenna.

Fields values in the transmit and receive descriptors

Preferably, every packet to be queued for the T/R 310 includes fields in one or more

20 corresponding transmit descriptors to be utilized by the HSU 330 in processing packets

according to the decision structures 500, 600, 700 of FIGS. 4-10. Similarly, preferably every

received packet to be processed by the HSU 330 includes fields in one or more corresponding
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receive descriptors. The transmit or receive descriptors are preferably updated to report

completion status information. Some examples oftransmit descriptor fields in a presently

preferred embodiment include the AntModeXmit field and the XmitRate field. The

AntModeXmit field for a packet to a particular destination is preferably used in some

5 embodiments to identify the transmit antenna that is used to send the packet to the destination.

In other embodiments, the AntModeXmit field is ignored and does not affect the choice ofthe

antenna that is used to send the packet. In some cases, the AntModeXmit field designates the

default antenna. How the AntModeXmit field is populated depends on the particular type of

§ transmission device 300 that is used, i.e., an access point or a mobile station in an ad hoc
1X1

|f) network. Preferably, the XmitRate field specifies the rate at which a packet is to be transmitted.

\

m The PktXmitOK field is a transmit descriptor completion status field value that preferably

7 indicates whether or not a packet was transmitted successfully. If this field indicates a valid

transmission, then the AntModeXmit preferably indicates the antenna that successfully

5 transmitted the packet. If the AntModeXmit does not determine the antenna that is used to

T5 transmit the packet, such as in the case of a mobile station in a network with an access point, the

field value is preferably updated to indicate the antenna that successfully transmitted the packet

as completion status information. Some examples ofreceive descriptor fields in a presently

preferred embodiment include the RcvAntenna field and the PktRcvOk field, both completion

status field values. Preferably, the RcvAntenna field of a received packet indicates the antenna

20 that the packet was received on, regardless of whether the packet was received successfully. In

most cases, the RcvAntenna field value effectively amounts to reporting the value of the default

antenna at the time the packet was received, unless, for example, an acknowledgement packet
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was received by the alternate antenna in response to a packet sent by the alternate antenna.

Preferably, the PktRcvOK field of a receive packet indicates whether or not packet reception was

successful. If set, for example, the packet was received successfully. If clear, for example, an

error occurred during packet reception.

5

Exemplary Implementations OfThe Antenna Switch Diversity Algorithm

The exemplary wireless communication systems 100 ofFIG. 1 and 200 of FIG. 2 both

embody aspects ofthe presently preferred method and systems described herein. The methods

Sf and systems are described with reference to the exemplary systems 100, 200 and the

AS transmission device 300.

5 A presently preferred embodiment of the antenna switch diversity algorithm implements

* switch diversity on the transmit antenna side for unicast packet transmission for the AP 120, the

CI

£ mobile stations 110, 116 in the AP 120 system 100 of FIG. 1, and the ad hoc mobile stations

2 210, 216 of the system 200 of FIG. 2. The algorithm preferably implements switch diversity

few,-?

f5 on the receive antenna side at the mobile stations 110, 116 in the system 100 for receiving

broadcast packets from the AP 120.

As described above, the antenna that is designated as the default antenna is preferably

switched according to long-term learning by HSU 330 software and short-term learning by HSU

330 hardware. In a preferred embodiment, timers and some counters that relate to long-term or

20 short-term learning are reinitialized or restarted when the default antenna is switched. Values

such as the number ofresends of a packet, or the maximum time without a successful reception
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prior to the switching ofthe default antenna, are programmed into the HSU 330 and are

generally independent of switching the default antenna.

The Access Point: The Antenna Switch Diversity Algorithm

The AP 120 ofFIG. 1 is configured to communicate with the mobile stations 110, 116

via broadcast, multicast, and unicast packets using two antennas 138, 140. The algorithm is

described for the case oftwo antennas at the AP 120, although any number antennas may be used

as suitable.

The Access Point: Broadcast And Multicast Packet Transmission

The AP 120 has a default antenna and an alternate antenna. Broadcast and multicast

packets are sent exclusively on the default antenna. The AP 120 does not resend the same

broadcast packet. The default antenna is preferably maintained for an extended period oftime to

aid in long-term HSU 330 software learning by the mobile stations 110, 116. For example,

sending broadcast and multicast packets on the AP's 120 default antenna gives the mobile station

110 the chance to learn which of its antennas 122, 124 works best for receiving broadcast

packets from the AP 120. Without consistency in the transmit antenna, this learning is

impossible and it is difficult to insure that all mobile stations 110, 116 are able to receive

broadcast messages.

Preferably, the AP 120 changes which of its antennas 138, 140 is designated as the

default antenna only in response to long-term HSU 330 software learning by the AP 120.
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The Access Point: Unicast Packet Transmission

Preferably, the AP 120 uses transmit diversity during transmission of unicast packets to

the mobile stations 110, 116. The AP 120 preferably changes the transmit antenna if

consecutive transmission attempts of the same unicast packet are unsuccessful. This helps if the

environment changes, and since the mobile stations 110, 116 do not normally switch their

default antennas for receive.

For example, when the AP 120 sends unicast packets to the mobile station 110, the AP

120 sends the unicast packets on the default antenna first. The AP 120 then listens for an

acknowledgement packet from the mobile station 110 on the default antenna, i.e., the antenna

used for sending the unicast packet. Ifno acknowledgement packet is received, the AP 120

resends the unicast packet on the default antenna. If there is still no acknowledgement packet

after the second transmission attempt, the AP 120 changes its transmit antenna from the default

antenna to the alternate antenna. The AP 120 then makes two attempts to transmit the same

unicast packet on the antenna that is designated as the alternate antenna, unless an

acknowledgement packet is received in response to the first attempt on the alternate antenna. In

most environments, ifnone of the attempts to transmit the same unicast packet are successful, it

is best to abort the transmission and try at a lower data rate. Preferably, the general rule for

unicast packets is to attempt transmission twice on each antenna, starting with the default

antenna, and to change the transmit antenna on every other attempt, until the overall number of

retries, for example, four, is exhausted or until an acknowledgement packet is received from the

mobile station 110. Of course, as described above, for example, the frequency of collisions, the

suspicion of collision, or the overall load in a particular system, might dictate that a higher
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number ofretries be performed using the default antenna, as well as a higher overall number of

retries on all antennas.

It should be understood that, for the AP 120, success or failure in transmission ofthe

same unicast packet does not affect which antenna is designated as the default antenna. The

5 default antenna setting or designation would be altered only after repeated failures of this type

over an extended time, as described below.

Assume that a variable COUNTER1 counts the number of consecutive failed

transmissions of the same unicast packet by the AP 120. Assume that a stored value VALUE1
La?

« serves as the maximum number ofconsecutive retries ofthe same unicast packet on a given

f§ antenna. In a presently preferred embodiment, the stored value VALUE1 is equal to two.

Si Assume that a stored value VALUE2 serves as the overall maximum number of retries of the

same unicast packet on all antennas and also serves as an upper limit on the variable

£ COUNTER! . In a presently preferred embodiment, the stored value VALUE2 is equal to four.

% Assume that a stored value VALUE3 serves as the number of antennas available for transmit, hi

15 a presently preferred embodiment, the stored value VALUE3 is equal to two. Typically the

stored value VALUE2 is greater than or equal to the product of the stored value VALUE3 and

the stored value VALUE1 (VALUE3* VALUE1).

Preferably, the HSU 330 hardware compares the variable COUNTER1 with the stored

values. As an example, assume that there are two antennas (VALUE3=2) and that the stored

20 values VALUE1 and VALUE2 are equal to two and four, respectively (VALUE2=

VALUE3*VALUE1=2*2=4). If the variable COUNTER1 is equal to the stored value VALUE1

(COUNTERl=2), then the transmit antenna is changed from the default antenna to the alternate
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antenna. Even if an acknowledgement packet is received on the alternate antenna, the default

antenna is not changed. If the variable COUNTER! is equal to the stored value VALUE2

(COUNTERl=4), then transmission of the same unicast packet is aborted and the unicast packet

is returned for possible retransmission at a lower data rate and the COUNTER1 is restarted.

5

The Access Point: Unicast Packet Reception

For reception, the AP 120 uses the same antenna that it uses to transmit broadcast

packets, the default antenna. This arrangement works because of reciprocity. If an antenna

~j pairing works well for broadcast packets going from the AP 120 to the mobile stations 110,

M 116, then it typically works well for unicast packets going from the mobile stations 110, 116

S to the AP 120. Since all of the mobile stations 110, 116 are learning which of their antennas

£ works best for receiving broadcast packets and beacon broadcast packets, the mobile stations

ass.M
*p 110, 116 can use the better antenna to transmit back to the AP's 120 default antenna with

^0 have a high likelihood of success. Thus the AP 120 should only change which antenna is

15 designated as the default antenna occasionally, as described above.

The default antenna is used to wait and listen for unicast packets. If, however, the AP

120 expects to receive an acknowledgement packet or a CTS packet after having changed the

transmit antenna in an attempt to make a unicast packet succeed, the receive antenna should be

the antenna that was just used to send the packet, regardless ofwhich antenna is designated as

20 the default antenna. Regardless ofwhether an acknowledgement or a CTS packet is received,

the AP 120 should return to listening with the default antenna when any exchanges are complete.

If the receive antenna receives a unicast packet, the acknowledgement packet should be sent on
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the same antenna that was used as the receive antenna, regardless ofwhich antenna is designated

as the default antenna. In nearly all cases, however, the receive antenna will be the default

antenna.

Preferably, the AP 120 changes which of its antennas 138, 140 is designated as the

5 default antenna only in response to long-term HSU 330 software learning by the AP 120. Over

a long-term time scale, the AP 120 may change the default antenna designation if, for example,

the AP 120 senses that it is unable to communicate with the mobile stations 110, 116. For

example, ifthe AP 120 discovers that it has lost the mobile stations 110, 116, has consistently

™f missed packets from the mobile stations 110, 116, or has consistently received packets in

fH error from the mobile stations 110, 116 over an extended time.

Assume that a variable TIMER1 marks the time since the AP 120 received any packet

7 successfully from the mobile stations 110, 116. Of course, the AP 120 only receives unicast

* packets. The variable TMER1 is restarted by and begins from the last successful reception of a

unicast packet by the AP 120. Further assume that a stored value PERIOD 1 is a time period that

ft serves as an upper limit for the variable TIMER1. Preferably, the stored value PERIOD 1 is on

the order ofhundreds ofmilliseconds (10~
3
seconds), although any suitable time maybe used.

The stored value PERIOD 1 is preferably set at HSU 330 software level and is proportional to the

number ofpackets unsuccessfully received by the AP 120. For example, ifpackets are very

long, then the stored value PERIOD 1 may be more appropriately set on the order of seconds. In

20 other embodiments, the HSU 330 software may also count the number of unsuccessfully

received packets and periodically compare this number to a stored value representing a

maximum number ofunsuccessfully received packets and change which antenna is the default
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antenna or maintain the current default antenna accordingly. For example, the HSU 330

software changes the default antenna after a number ofpackets are received unsuccessfully. In a

preferred embodiment, the number ofunsuccessfully received packets is on the order often,

although any suitable number may be used.

Preferably, the HSU 330 software periodically compares the variable TMER1 with the

stored value PERIOD 1. If the variable TIMER1 is greater than or equal to the stored value

PERIOD 1, then the current default antenna is maintained. If the variable TIMER1 is greater

than or equal to the stored value PERIOD 1, then the antenna that is designated as the default

antenna is changed and the variable TIMER1 is restarted and reinitialized.

Mobile Stations In An Access Point Network: The Antenna Switch Diversity Algorithm

The mobile stations 110, 116 ofFIG. 1 are each configured to communicate with the

AP 120. The algorithm is described for the case oftwo antennas at each mobile station 110,

116, although any number of antennas maybe used as suitable. For clarity, at times the

algorithm is described with respect to the mobile station STA 1110 having the two antennas

122, 124, although the algorithm applies to any of the other mobile stations 112, 116.

Mobile Stations In An Access Point Network: Unicast Packet Transmission

The mobile stations 110, 116 each have a default antenna and an alternate antenna.

Once a mobile station such as the mobile station 110 succeeds in transmitting a unicast packet,

for example, receives an acknowledgement packet, the antenna that was used to transmit the
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unicast packet becomes the default antenna. The default antenna is the starting transmit and

receive antenna.

Preferably, the mobile stations 110, 116 use transmit diversity during transmission of

unicast packets to the AP 120. The mobile stations 110, 116 do not transmit broadcast or

5 multicast packets. Each ofthe mobile stations 110, 120 preferably changes its transmit

antenna ifconsecutive transmission attempts ofthe same unicast packet are unsuccessful. This

helps if the environment changes, and since the AP 120 does not normally switch its default

antennas for receive.

Si For example, when the mobile station 110 sends unicast packets to the AP 120, the

J| mobile station 110 sends the unicast packets on the default antenna first. The mobile station 110

h then listens for an acknowledgement packet from the AP 120 on the default antenna, i.e., the

s antenna used for sending the unicast packet. Ifno acknowledgement packet is received, the

£ mobile station 110 resends the unicast packet on the default antenna. If there is still no

acknowledgement packet after the second transmission attempt, the mobile station 110 changes

1*5 its transmit antenna from the default antenna to the alternate antenna. The mobile station 110

then makes two attempts to transmit the same unicast packet on the antenna that is designated as

the alternate antenna, unless an acknowledgement packet is received in response to the first

attempt on the alternate antenna. In most environments, ifnone ofthe attempts to transmit the

same unicast packet are successful, it is best to abort the transmission and try at a lower data rate.

20 Preferably, the general rule for unicast packets is to attempt transmission twice on each antenna,

starting with the default antenna, and to change the transmit antenna on every other attempt, until

the overall number ofretries, for example, four, is exhausted or until an acknowledgement
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packet is received from the AP 120. Of course, as described above, for example, the frequency

of collisions, the suspicion of collision, or the overall load in a particular system, might dictate

that a higher number of retries be performed using the default antenna, as well as a higher overall

number of retries on all antennas.

It should be understood that, for the mobile station 110, success in transmission of the

same unicast packet affects which antenna is designated as the default antenna. Preferably, the

default antenna setting or designation is changed to reflect the most recently successful antenna

in transmission and reception. For example, if the mobile station 110 receives an

acknowledgement packet after sending a unicast packet on the alternate antenna, the

transmission of the unicast packet was successful and the mobile station 110 changes which

antenna is the default antenna and which antenna is the alternate antenna. That is, the antenna

that was previously designated as the alternate antenna becomes the default antenna. If neither

the default antenna nor the alternate antenna is successful in transmitting the same unicast

packet, then the default antenna is preferably maintained.

Assume that a variable COUNTER2 counts the number of consecutive failed

transmissions ofthe same unicast packet by the mobile station 110. Assume that a stored value

VALUE4 serves as the maximum number of consecutive retries ofthe same unicast packet on a

given antenna. In a presently preferred embodiment, the stored value VALUE4 is equal to two.

Assume that a stored value VALUES serves as the overall maximum number of retries of the

same unicast packet on all antennas and also serves as an upper limit on the variable

COUNTER2. In a presently preferred embodiment, the stored value VALUE5 is equal to four.

Assume that a stored value VALUE6 serves as the number of antennas available for transmit. In
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a presently preferred embodiment, the stored value VALUE6 is equal to two. Typically the

stored value VALUE5 is greater than or equal to the product ofthe stored value VALUE6 and

the stored value VALUE4 (VALUE6* VALUE4).

Preferably, the HSU 330 hardware compares the variable COUNTER2 with the stored

5 values. As an example, assume that there are two antennas (VALUE6=2) and that the stored

values VALUE4 and VALUE5 are equal to two and four, respectively (VALUE5=

VALUE6*VALUE4=2*2=4). If the variable COUNTER2 is equal to the stored value VALUE4

(COUNTER2=2), then the transmit antenna is changed from the default antenna to the alternate

™f antenna. If an acknowledgement packet is received on the alternate antenna, then the antenna

ffl that is the alternate antenna (i.e., the antenna most recently successful in transmission) becomes

Si the new default antenna. That is, the antenna that is designated as the default antenna is changed

g to the new alternate antenna. Ifthe variable COUNTER2 is equal to the stored value VALUES

^ (COUNTER2=4), then transmission of the same unicast packet is aborted and the unicast packet

2f is returned for possible retransmission at a lower data rate at a lower time and the COUNTER2 is

fs restarted.

Mobile Stations In An Access Point Network: Broadcast, Multicast, and Unicast Packet

Reception

For reception, each ofthe mobile stations 110, 116 begin with the default antenna.

20 The mobile stations 110, 116 can learn which antenna is best for receiving broadcast packets

and beacon broadcast packets from the AP 120, and can use that antenna for sending unicast

packets as well. This helps packets get through with high probability on the default antenna.
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The default antenna is used to wait and listen for unicast packets. If, however, the mobile

station 110 (for example) expects to receive an acknowledgement packet or a CTS packet after

having changed the transmit antenna in an attempt to make a unicast packet succeed, the receive

antenna should be the antenna that was just used to send the packet, regardless ofwhich antenna

5 is designated as the default antenna. Regardless ofwhether an acknowledgement or a CTS

packet is received, the mobile station 110 should return to listening with the default antenna

when any exchanges are complete. If the receive antenna receives a unicast packet, the

acknowledgement packet should be sent on the same antenna that was used as the receive

antenna, regardless ofwhich antenna is designated as the default antenna. In nearly all cases,

fl§j however, the receive antenna will be the default antenna.

f!i In addition, if the mobile station 110 detects successive failures on broadcast or multicast

^ packets, which can be identified as broadcast or multicast packets by their addressing or packet

% types, the mobile station 110 should change the default antenna. Of course, the mobile station

% 110 can identify broadcast packets from the AP 120. Over a short-term time scale, the mobile

15 station 110 may change the default antenna designation if a number of consecutive broadcast

packets are received in error by the mobile station 110. In a presently preferred embodiment,

two successive broadcast packets received in error are sufficient to change the antenna that is

designated as the default antenna, although any number of consecutive broadcast packets may be

used as suitable.

20 Over time, the mobile station 110 has the opportunity to learn which of its antennas 122,

124 works best for receiving broadcast packets from the AP 120. Learning which antenna works

well has to be relearned at the rate that the mobile station 110 moves, and the previously selected
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antenna ends up with poor performance. Preferably, the default antenna is not changed

following every failed reception. Many of the packets that a mobile station such as mobile

station 110 hears are from other mobile stations 112, 116 in the network. Also, since unicast

packets from the AP 120 are tried with both antennas, switching on unicast packets could be

5 detrimental to reception ofbroadcast packets from the AP 120. By switching the default antenna

only on packets that are broadcast packets, the mobile station 110 can insure that it is reacting

only to packets from the AP 120, transmitted from the AP's 120 own designated default antenna.

Assume that a variable COUNTER3 counts the number of consecutive broadcast packets

;2~ received in error by the mobile station 110. Assume that a stored value VALUE7 serves as an

M upper limit on the variable COUNTER3. In a presently preferred embodiment, the stored value

ffj VALUE7 is equal to two, although any suitable value may be used. Preferably, the HSU 330

r hardware compares the variable COUNTER3 with the stored value VALUE7. If the variable

i s

4 COUNTER3 is equal to the stored value VALUE7 (COUNTER3=2), then the antenna that is

£ designated as the default antenna is changed and the variable COUNTER3 is restarted and

ff reinitialized.

Over a long-term time scale, the mobile station 110 may change the default antenna

designation if, for example, no beacon broadcast packets are received for an extended time from

the AP 120. This helps when the environment changes and the last successful antenna is no

more the best selection. This is to make sure the mobile station 110 receives all broadcast

i

20 signals, since the AP 120 does not change the default antenna for transmitting broadcast signals

except over the long-term. Beacon packets are expected at regular intervals and thus if these
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packets are consistently missed by the mobile station 110, the default antenna may be changed

with some confidence that the antenna is receiving on a fading channel.

Assume that a variable TIMER2 marks the time since the mobile station 110 received a

beacon broadcast packet from the AP 120. The variable TIMER2 is restarted by and begins from

5 the last reception of a beacon broadcast packet by the mobile station 110. Further assume that a

stored value PERIOD2 is a time period that serves as an upper limit for the variable TMER2.

Preferably, the stored value PERIOD2 is on the order ofmilliseconds, although any suitable time

may be used. In a presently preferred embodiment, the stored value PERIOD2 is 1

0

milliseconds. The normal interval between beacons informs the expected time of arrival of a

M beacons and, preferably, to some extent informs the choice ofthe stored value PERIOD2. For

o
m example, in a preferred embodiment, assuming a minimum duration TU between beacons of

r 1.024 milliseconds, then the stored value PERIOD2 is approximately 10 TUs, or around 10

± milliseconds. Preferably, the stored value PERIOD2 is variable in the system on up to tens of

If seconds in duration, for example, although practically, the stored value PERIOD2 is

15 advantageously set on the order ofmilliseconds.

Preferably, the HSU 330 software periodically compares the variable TMER2 with the

stored value PERIOD2. If the variable TIMER2 is less than the stored value PERIOD2, then the

current default antenna is maintained. If the variable TIMER2 is greater than or equal to the

stored value PERIOD2, then the antenna that is designated as the default antenna is changed and

20 the variable TIMER2 is restarted and reinitialized.

Mobile Stations In An Ad Hoc Network: The Antenna Switch Diversity Algorithm
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The ad hoc mobile stations 210, 216 of FIG. 1 are each configured to communicate

with each other via broadcast, multicast, and unicast packets. The algorithm is described for the

case oftwo antennas at each mobile station 210, 216, although any number antennas may be

used as suitable. For clarity, at times the algorithm is described with respect to the mobile

5 station STA 1 210 having the two antennas 218, 220, although the algorithm applies to any of the

other mobile stations 212, 216.

^ Mobile Stations In An Ad Hoc Network: Broadcast And Multicast Packet Transmission

m Each of the mobile stations 210, 216 in the ad hoc network have a broadcast default

tfjj antenna and an broadcast alternate antenna. In an ad hoc network, mobile stations alternate in

ill sending broadcast packets, such as beacon broadcast packets, which are sent by a different one of

1. the mobile stations 210, ... 216 each time. Broadcast and multicast packets are sent exclusively

f on the broadcast default antenna. The mobile stations 210, 216 do not resend the same

"f%
broadcast packet.

15 Preferably, the mobile station 210 changes which of its antennas 218, 220 is designated

as the broadcast default antenna in response to long-term HSU 330 software and short-term HSU

330 hardware learning by the mobile station 210.

Mobile Stations In An Ad Hoc Network: Unicast Packet Transmission

20 The ad hoc mode mobile stations 210, 216 each have destination-specific default

antennas and alternate antennas. The last successful antenna for transmit to or receive from a

particular destination becomes the destination default antenna for unicast packet transmission.
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Once an ad hoc mode mobile station such as the mobile station 210 succeeds in transmitting a

unicast packet to a destination mobile station 212, for example, receives an acknowledgement

packet from the destination mobile station 212, the antenna that was used to transmit the unicast

packet becomes the destination default antenna for that destination mobile station 212.

5 As described above, the HSU 330 software long-term learning process preferably creates

the antenna table 370 that indicates, for each destination mobile station 212, 216, the antenna

that was most recently successful in transmission of a unicast packet to the given mobile station,

i.e. the destination default antenna. The antenna table 370 is updated following a successful

i? reception of a unicast packet, or a successful transmission of a unicast packet by the ad hoc mode

fjj mobile station 210. In a preferred embodiment, the mobile station 210 is able to determine the

Fy source of a received broadcast packet and thus will update the antenna table 370 in the event of a

ts s

s successful reception of a broadcast packet.

*p Preferably, the ad hoc mode mobile stations 210, 216 use transmit diversity during

fi transmission of unicast packets. Each of the mobile stations 210, 216 preferably changes its

15 transmit antenna if consecutive transmission attempts of the same unicast packet are

unsuccessful.

For example, when the ad hoc mode mobile station 210 sends unicast packets to the ad

hoc mobile station 212, the mobile station 210 consults the antenna table 370 and sends the

unicast packets on the destination default antenna corresponding to the ad hoc mobile station 212

20 first. The mobile station 210 then listens for an acknowledgement packet from the mobile station

212 on the destination default antenna, i.e., the antenna used for sending the unicast packet. Ifno

acknowledgement packet is received, the mobile station 210 resends the unicast packet on the
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destination default antenna. Ifthere is still no acknowledgement packet after the second

transmission attempt, the mobile station 210 changes its transmit antenna from the destination

default antenna to the destination alternate antenna. The mobile station 210 then makes two

attempts to transmit the same unicast packet on the antenna that is designated as the destination

alternate antenna, unless an acknowledgement packet is received in response to the first attempt

on the destination alternate antenna. In most environments, ifnone of the attempts to transmit

the same unicast packet are successful, it is best to abort the transmission and try at a lower data

rate. Preferably, the general rule for unicast packets is to attempt transmission twice on each

antenna, starting with the destination default antenna, and to change the transmit antenna on

every other attempt, until the overall number of retries, for example, four, is exhausted or until an

acknowledgement packet is received from the mobile station 210. Of course, as described

above, for example, the frequency of collisions, the suspicion of collision, or the overall load in a

particular system, might dictate that a higher number ofretries be performed using the

destination default antenna, as well as a higher overall number ofretries on all antennas.

It should be understood that, for the ad hoc mobile station 210, success in transmission of

the same unicast packet affects which antenna is designated as the destination default antenna.

Preferably, the destination default antenna setting or designation is changed to reflect the most

recently successful antenna in transmission or reception. For example, if the mobile station 210

receives an acknowledgement packet from the destination mobile station 212 after sending a

unicast packet on the destination alternate antenna to the destination mobile station 212, the

transmission ofthe unicast packet was successful and the mobile station 210 updates the antenna

table 370 so that in effect the antenna that was previously designated as the destination alternate
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antenna becomes the new destination default antenna for the destination mobile station 212. If

neither the destination default antenna nor the destination alternate antenna are successful in

transmitting the same unicast packet, then the destination default antenna is preferably

maintained.

Assume that a variable COUNTER4 counts the number of consecutive failed

transmissions of the same unicast packet by the ad hoc mode mobile station 210. Assume that a

stored value VALUE8 serves as the maximum number of consecutive retries of the same unicast

packet on a given antenna. In a presently preferred embodiment, the stored value VALUE8 is

equal to two. Assume that a stored value VALUE9 serves as the overall maximum number of

retries ofthe same unicast packet on all antennas and also serves as an upper limit on the variable

COUNTER4. In a presently preferred embodiment, the stored value VALUE9 is equal to four.

Assume that a stored value VALUE10 serves as the number of antennas available for transmit.

In a presently preferred embodiment, the stored value VALUE10 is equal to two. Typically the

stored value VALUE9 is greater than or equal to the product of the stored value VALUE10 and

the stored value VALUE8 (VALUE10* VALUE8).

Preferably, the HSU 330 hardware compares the variable COUNTER4 with the stored

values. As an example, assume that there are two antennas (VALUE10=2) and that the stored

values VALUE8 and VALUE9 are equal to two and four, respectively (VALUE9=

VALUE10*VALUE8=2*2=4). Ifthe variable COUNTER4 is equal to the stored value

VALUE8 (COUNTER4=2), then the transmit antenna is changed from the destination default

antenna to the destination alternate antenna. If an acknowledgement packet is received on the

destination alternate antenna, the mobile station 210 updates the antenna table 370 so that in
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effect the antenna that was previously designated as the destination alternate antenna becomes

the new destination default antenna. Ifthe variable COUNTER4 is equal to the stored value

VALUE9 (COUNTER4=4), then transmission of the same unicast packet is aborted and the

unicast packet is returned for possible retransmission at a lower data rate at a lower time and the

5 COUNTER4 is restarted.

Mobile Stations In An Ad Hoc Network: Broadcast and Unicast Packet Reception

For reception, each of the ad hoc mode mobile stations 210, 216 begin with the

:? broadcast default antenna. The broadcast default antenna is used to wait and listen for unicast

H packets. If, however, the mobile station 210 (for example) expects to receive an

Si acknowledgement packet or a CTS packet after having changed the transmit antenna in an

7 attempt to make a unicast packet succeed, the receive antenna should be the antenna that was just

JP used to send the packet, regardless ofwhich antenna is designated as the default antenna.

* Regardless ofwhether an acknowledgement or a CTS packet is received, the mobile station 210

f? should return to listening with the broadcast default antenna when any exchanges are complete.

In a preferred embodiment, the antenna that is designated as the broadcast default antenna is the

most recently successful antenna for reception or transmission is designated as the broadcast

default antenna. Of course, in other embodiments, the broadcast default antenna designation

may be maintained and changed independently ofthe most recently successful antenna for

20 reception.

Ifthe receive antenna receives a unicast packet, the acknowledgement packet should be

sent on the same antenna that was used as the receive antenna, regardless ofwhich antenna is
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designated as the broadcast default antenna. In nearly all cases, however, the receive antenna

will be the default antenna.

Preferably, the ad hoc mode mobile station 210 changes which of its antennas 218, 220 is

designated as the broadcast default antenna in response to long-term HSU 330 software learning

5 and short-term HSU 330 hardware learning by the ad hoc mobile station 210.

Over a long-term time scale, the mobile station 210 may change the broadcast default

antenna designation if, for example, the mobile station 210 senses that it is unable to

communicate with the other mobile stations 212, 216. For example, if the mobile station 210

'B discovers that it has lost the other mobile stations 212, 21 6, has consistently missed packets

40 from the other mobile stations 212, 216, or has consistently received packets in error from the

f_: other mobile stations 212, 216 over an extended time.

s Assume that a variable TMER3 marks the time since the mobile station 210 received any

§ packet successfully from the other mobile stations 212, 216. The variable TIMER3 is

S restarted by and begins from the last successful reception of a packet by the mobile station 210.

T5 Further assume that a stored value PERIOD3 is a time period that serves as an upper limit for the

variable TIMER3. Preferably, the stored value PERIOD3 is on the order ofhundreds of

milliseconds, although any suitable time may be used. The stored value PERIOD3 is preferably

set at HSU 330 software level and is proportional to the number ofpackets unsuccessfully

received by the mobile station 210. For example, ifpackets are very long, then the stored value

20 PERIOD3 may be more appropriately set on the order of seconds. In other embodiments, the

HSU 330 software may also count the number of unsuccessfully received packets and

periodically compare this number to a stored value representing a maximum number of
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unsuccessfully received packets and change which antenna is the broadcast default antenna or

maintain the current broadcast default antenna accordingly. For example, the HSU 330 software

changes the default antenna after a number ofpackets are received unsuccessfully. In a preferred

embodiment, the number ofunsuccessfully received packets is on the order often, although any

5 suitable number may be used.

Preferably, the HSU 330 software periodically compares the variable TIMER3 with the

stored value PERIOD3. If the variable TEVIER3 is greater than or equal to the stored value

PERIOD3, then the current broadcast default antenna is maintained. If the variable TIMER3 is

S2 greater than or equal to the stored value PERIOD3, then the antenna that is designated as the

; . i

broadcast default antenna is changed and the variable TIMER3 is restarted and reinitialized.

m Over a long-term time scale, the ad hoc mode mobile station 210 may change the

7 broadcast default antenna designation if, for example, no beacon broadcast packets are received

for an extended time. Beacon packets are expected at regular intervals and thus if these packets

5 are consistently missed by the mobile station 210, the broadcast default antenna may be changed

fJ with some confidence that the antenna is receiving on a fading channel.

Assume that a variable TIMER4 marks the time since the ad hoc mode mobile station

210 received a beacon broadcast packet from any of the other mobile stations 212, 216. The

variable TIMER4 is restarted by and begins from the last reception of a beacon broadcast packet

by the mobile station 210. Further assume that a stored value PERIOD4 is a time period that

20 serves as an upper limit for the variable TTMER4. Preferably, the stored value PERIOD4 is on

the order ofmilliseconds, although any suitable time may be used. In a presently preferred

embodiment, the stored value PERIOD4 is 10 milliseconds. The normal interval between
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beacons informs the expected time of arrival and, preferably, to some extent informs the choice

of the stored value PERIOD4. For example, in a preferred embodiment, assuming a minimum

duration TU between beacons of 1.024 milliseconds, then the stored value PERIOD4 is

approximately 10 TUs, or around 10 milliseconds. Preferably, the stored value PERIOD4 is

5 variable in the system on up to tens of seconds in duration, for example, although practically, the

stored value PERIOD4 is advantageously set on the order of milliseconds.

Preferably, the HSU 330 software periodically compares the variable TIMER4 with the

stored value PERIOD4. Ifthe variable TIMER4 is less than the stored value PEPJOD4, then the

^0 current broadcast default antenna is maintained. If the variable TIMER4 is greater than or equal

Ltl

iff) to the stored value PERIOD4, then the antenna that is designated as the broadcast default antenna

n\ is changed and the variable TMER4 is restarted and reinitialized.

In addition, ifthe ad hoc mode mobile station 210 detects successive failures on

j| broadcast packets, it should change the broadcast default antenna. Over a short-term time scale,

is the ad hoc mode mobile station 210 may change the broadcast default antenna designation if a

hf5 number of consecutive broadcast packets are received in error by the mobile station 210. In a

presently preferred embodiment, two successive broadcast packets received in error are sufficient

to change the antenna that is designated as the broadcast default antenna, although any number of

consecutive broadcast packets may be used as suitable. Over time, the mobile station 210 has the

opportunity to learn which of its antennas 218, 220 works best for receiving broadcast packets.

20 Assume that a variable COUNTERS counts the number of consecutive broadcast packets

received in error by the ad hoc mode mobile station 210. Assume that a stored value VALUE1

1

serves as an upper limit on the variable COUNTERS. In a presently preferred embodiment, the
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stored value VALUE1 1 is equal to two, although any suitable value may be used. Preferably, the

HSU 330 hardware compares the variable COUNTER5 with the stored value VALUE1 1. If the

variable COUNTER5 is equal to the stored value VALUE11 (COUNTER5=2), then the antenna

that is designated as the broadcast default antenna is changed and the variable COUNTER5 is

5 restarted and reinitialized.

The Access Point: Exemplary Decision Structure

The operation ofthe transmission device 300, here the AP 120 of FIG. 1, is now

% described in more detail with reference to FIGS. 4 and 5. FIG. 4 is a flow diagram illustrating a

f§ first exemplary antenna switch diversity decision structure 500 according to a presently preferred

5 embodiment and implemented on the AP 120 ofFIG. 1 . FIG. 5 is a flow diagram illustrating a

s portion 550 of the first exemplary antenna switch diversity decision structure 500 ofFIG. 4. The

£ decision structure 500 ofFIGS. 4 and 5 covers the fundamental antenna switch diversity

% situation for the AP 120 ofFIG. 1.

15 Preferably, every packet to be queued for the T/R 310 includes fields in one or more

corresponding transmit descriptors to be utilized by the HSU 330 in processing packets

according to the decision structure 500 ofFIGS. 4 and 5. Similarly, preferably every received

packet to be processed by the HSU 330 includes fields in one or more corresponding receive

transmit descriptors. The transmit or receive descriptors are preferably updated to report

20 completion status information.

Referring to FIGS. 4 and 5, a packet begins processing at the entry point A of the portion

550 of the decision structure 500. At step 522 in FIG. 5, the HSU 330 on the AP 120 determines
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whether a packet is to be sent (Tx). Implicitly, the HSU 330 also asks whether the AP 120

should send an acknowledgement packet in response to a received unicast packet.

If there is no packet to be transmitted, then at step 524, the AP 120 waits and listens for

packets, preferably unicast packets, using the antenna that is designated as the default antenna.

At step 526, the HSU 330 determines whether the AP 120 has received (Rx) any packets.

Ifno packets have been received, then processing returns to step 522.

If any packet has been received, then at step 538, the HSU 330 determines whether the

packet was received successfully. The step 538 is also accessed from the entry point B.

If a packet has been received, but not received successfully, then processing advances to

step 522.

If a packet has been received successfully, then the variable TIMER1 is restarted at step

540 and processing advances to step 522. The variable TDV1ER1 marks the time since the AP

120 received any packet successfully from the mobile stations 110, 116. The variable

TIMER1 is restarted by and begins from the last successful reception of a unicast packet by the

AP 120. The successfully received packet will generally be a unicast packet and the AP 120

preferably sends an acknowledgement packet to the mobile station of the mobile stations 110,

116 that sent the unicast packet. The acknowledgement packet is sent on the antenna that

received the unicast packet, in this case the default antenna.

Returning to step 522, if there is a packet to be transmitted by the AP 120, then

processing advances to step 542. At step 542, the HSU 330 software determines whether the

variable TIMER1 is greater than or equal to the stored value PERIOD 1. Preferably, the stored
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value PERIOD 1 is on the order ofhundreds ofmilliseconds, although any suitable time may be

used.

If the variable TIMER1 is less than the stored value PERIOD1, then at step 544 the field

value AntModeXmit in the transmit descriptor ofthe packet to be transmitted is maintained as

5 the current value ofthe default antenna and processing advances to step 548. The AntModeXmit

field for a packet to a particular destination is used to identify the transmit antenna that is used to

send the packet to the destination. At step 548, the HSU 330 hardware examines the transmit

descriptor ofthe packet to be sent by the AP 120 and processing advances to step 552. At step

m 552, the HSU 330 hardware determines whether the field value AntModeXmit is equal to the

If) current default antenna value. Since the field value AntModeXmit was maintained as the current

n| default antenna value at step 544, processing continues to step 532. At step 532, the antenna that

1. is designated as the default antenna is maintained as the default antenna and processing advances

£ to step 534 where the variable COUNTER1 is restarted. The variable COUNTER1 counts the

S number of consecutive failed transmissions ofthe same unicast packet by the AP 120. The

15 variable COUNTER1 is brought to a value of zero prior to the mobile station 210 attempting to

send a particular unicast packet for the first time. Processing continues to the exit point C.

If the variable TIMER1 is greater than or equal to the stored value PERIOD 1, then at step

546 the field value AntModeXmit in the transmit descriptor ofthe packet to be transmitted is

changed from the current value ofthe default antenna and processing advances to step 548. At

20 step 548, the HSU 330 hardware examines the transmit descriptor of the packet to be sent by the

AP 120 and processing advances to step 552. At step 552, the HSU 330 hardware determines

whether the field value AntModeXmit is equal to the current default antenna value. Since the
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field value AntModeXmit was changed from the current default antenna value at step 546,

processing continues to step 528. At step 528, the HSU 330 hardware changes which antenna is

designated as the default antenna and which antenna is designated as the alternate antenna. At

step 530, the variable TIMER1 is restarted, since the antenna that is designated as the default has

been changed. Processing continues to step 534 where the variable COUNTER! is restarted, and

to the exit point C.

Processing exits at the exit point C of the portion 550 of the decision structure 500 and

advances to step 502 in FIG. 4, where the HSU 330 determines whether the packet to be sent is a

unicast packet.

If the packet to be sent is not a unicast packet, then the packet is a broadcast packet, a

multicast packet, or an acknowledgement packet, and processing advances to step 536. At step

536, the broadcast packet, multicast packet, or acknowledgement packet is sent on the default

antenna. Processing returns to the entry point A of the portion 550 of the decision structure 500.

An acknowledgement packet is sent to one destination but does not need to be acknowledged by

the destination.

If the packet to be sent is a unicast packet, then processing advances to step 504, where

the unicast packet is sent to the destination mobile station, for example, mobile station 110, using

the antenna that is designated as the default antenna. The AP 120 listens for an

acknowledgement packet from the destination on its default antenna. At step 506, the HSU 330

hardware determines whether the packet was successfully transmitted to the destination.

If an acknowledgement packet is received on the default antenna from the destination,

then the transmission is successful and processing advances to the entry point B of the portion
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550 of the decision structure 500. The acknowledgement packet was received successfully (step

538), so the variable TIMER1 is restarted and processing advances to step 522.

Ifno acknowledgement packet is received on the default antenna, then the transmission is

not successful, and processing advances to step 508. At step 508, the variable COUNTER! is

incremented by one. At this point the variable COUNTER1 is equal to one since the variable

COUNTER1 was restarted at step 534. At step 510, the HSU 330 hardware determines whether

the variable COUNTER1 is equal to the stored value VALUE1. The stored value VALUE1

serves as the maximum number ofconsecutive retries ofthe same unicast packet on a given

antenna, in this case the default antenna. In a presently preferred embodiment, the stored value

VALUE 1 is equal to two.

Assuming that the stored VALUE 1 is equal to two, the variable COUNTER1 is not equal

to the stored value VALUE1 and processing returns to step 504. At step 504, the AP 120 retries

transmitting the same unicast packet to the destination using the default antenna. The AP 120

listens for an acknowledgement packet from the destination on its default antenna. At step 506,

the HSU 330 hardware determines whether the packet was successfully transmitted to the

destination.

Again, if an acknowledgement packet is received on the default antenna from the

destination, then the transmission is successful, and processing advances to the entry point B of

the portion 550 ofthe decision structure 500.

Ifno acknowledgement packet is received on the default antenna, then the transmission is

not successful, and processing advances to step 508. At step 508, the variable COUNTER1 is

incremented by one, and at this point the variable COUNTER1 is equal to two. At step 510, the
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HSU 330 hardware determines whether the variable COUNTER! is equal to the stored value

VALUE1.

Again assuming that the stored VALUE1 is equal to two, the variable COUNTER1 is

now equal to the stored value VALUE1 and processing advances to step 512. At step 512, the

5 same unicast packet is sent to the destination using the antenna that is designated as the alternate

antenna. That is, the transmit antenna is changed from the default antenna to the alternate

antenna. The AP 120 listens for an acknowledgement packet from the destination on the

alternate antenna. At step 514, the HSU 330 hardware determines whether the packet was

Sf successfully transmitted to the destination.

|§ If an acknowledgement packet is received on the alternate antenna from the destination,

£1 then the transmission is successful, and processing advances to the entry point B of the portion

550 ofthe decision structure 500. The acknowledgement packet was received successfully (step

^ 538), so the variable TIMER! is restarted and processing advances to step 522. As described

^ above, the AP 120 preferably does not change the antenna that is designated as the default

T5 antenna, even though the acknowledgement packet was received successfully on the alternate

antenna.

If no acknowledgement packet is received on the alternate antenna, then the transmission

is not successful, and processing advances to step 516. At step 51 6, the variable COUNTER1 is

incremented by one. At this point the variable COUNTER! is equal to three. At step 518, the

20 HSU 330 hardware determines whether the variable COUNTER1 is equal to the stored value

VALUE2. The stored value VALUE2 serves as the overall maximum number of retries of the
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same unicast packet on all antennas and also serves as an upper limit on the variable

COUNTER! . In a presently preferred embodiment, the stored value VALUE2 is equal to four.

Assuming that the stored VALUE2 is equal to four, the variable COUNTER! is not equal

to the stored value VALUE2 and processing returns to step 512. At step 512, the AP 120 retries

5 transmitting the same unicast packet to the destination using the alternate antenna. The AP 120

listens for an acknowledgement packet from the destination on its alternate antenna. At step 514,

the HSU 330 hardware determines whether the packet was successfully transmitted to the

destination.
£=sr

Again, if an acknowledgement packet is received on the alternate antenna from the

If) destination, then the transmission is successful, and processing advances to the entry point B of

flj the portion 550 of the decision structure 500.

e Ifno acknowledgement packet is received on the alternate antenna, then the transmission

£ is not successful, and processing advances to step 516. At step 516, the variable COUNTER! is

5 incremented by one, and at this point the variable COUNTER! is equal to four. At step 518, the

15 HSU 330 hardware determines whether the variable COUNTER1 is equal to the stored value

VALUE2.

Again assuming that the stored VALUE2 is equal to four, the variable COUNTER1 is

now equal to the stored value VALUE1 and processing advances to step 520. At step 520, the

HSU 330 aborts transmission and sends the packet back to the HSU 330 software. Preferably,

20 the packet is resent later at a lower data rate specified in the field value XmitRate. Processing

returns to the entry point A ofthe portion 550 ofthe decision structure 500.
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It will be evident to one skilled in the art how to extend the principles described in FIGS.

4 and 5 to accommodate more antennas, more overall retries ofthe same unicast packet, more

consecutive retries of the same unicast packet on the same antenna, and alternations between

antennas and back again.

The exemplary decision structure 500 is described above with regard to handling of

unicast packets, acknowledgement packets, broadcast packets, and multicast packets by the AP

120. Preferably, the exemplary decision structure 500 can be extended to support RTS/ CTS/

unicast packet/ acknowledgement exchanges. For example, at step 524 in FIG. 5, the default

antenna listens for packets. If an RTS packet is received successfully by the AP 120 on its

default antenna, at steps 526 and 538, processing eventually advances to step 536 in FIG. 4,

where the AP 120 sends a CTS packet on its default antenna to the destination that sent the RTS

packet. At step 524 in FIG. 5, the AP 120 resumes listening on its default antenna for the unicast

packet from the destination in response to the CTS packet. If, as expected, the unicast packet is

received successfully by the AP 120 at step 538, processing eventually advances to step 536 in

FIG. 4, where the AP 120 sends an acknowledgement packet on its default antenna to the

destination that sent the unicast packet and that first sent the RTS packet. Preferably, the AP 120

maintains the same antenna is maintained as the default antenna throughout the RTS/ CTS/

unicast packet/ acknowledgement exchange.

Similarly, the AP 120 transmits an RTS packet like a unicast packet, using transmit

diversity on the RTS packet ifnecessary. The AP 120 preferably maintains the same antenna

that successfully transmitted the RTS packet, i.e., the default antenna or the alternate antenna,

throughout the RTS/ CTS/ unicast packet/ acknowledgement exchange.
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Mobile Stations In An Access Point Network: Exemplary Decision Structure

The operation of the transmission device 300, here the mobile station STA 1 110 of FIG.

1, is now described in more detail with reference to FIGS. 6 and 7. FIG. 6 is a flow diagram

illustrating a second exemplary antenna switch diversity decision structure 600 according to a

presently preferred embodiment and implemented on the mobile station STA 1 110 of the AP

120 network of FIG. 1. FIG. 7 is a flow diagram illustrating a portion 650 of the second

exemplary antenna switch diversity decision structure 600 of FIG. 6. The decision structure 600

ofFIGS. 6 and 7 covers the fundamental antenna switch diversity situation for the mobile station

110 as well as the other mobile stations 112, 116 of FIG. 1.

Preferably, every packet to be queued for the T/R 310 includes fields in one or more

corresponding transmit descriptors to be utilized by the HSU 330 in processing packets

according to the decision structure 600 ofFIGS. 6 and 7. Similarly, preferably every received

packet to be processed by the HSU 330 includes fields in one or more corresponding receive

transmit descriptors. The transmit or receive descriptors are preferably updated to report

completion status information.

Referring to FIGS. 6 and 7, a packet begins processing at the entry point D ofthe portion

650 of the decision structure 600. At step 622 in FIG. 7, the HSU 330 on the mobile station 110

determines whether a packet is to be sent (Tx). Implicitly, the HSU 330 also asks whether the

mobile station 110 should send an acknowledgement packet in response to a received unicast

packet.
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If there is no packet to be transmitted, then at step 624 the mobile station 110 waits and

listens for packets using the antenna that is designated as the default antenna. At step 626, the

HSU 330 determines whether the mobile station 110 has received (Rx) any packets.

Ifno packets have been received, then processing returns to step 622.

5 If any packet has been received, then at step 656 the HSU 330 determines whether a

unicast packet has been received, that is, whether the received packet is a unicast packet.

If a unicast packet has been received, then processing returns to step 622. If the unicast

packet was received successfully, the mobile station 110 preferably sends an acknowledgement

p packet to the AP 120 that sent the unicast packet. The acknowledgement packet is sent on the
Sill

Jj{0
antenna that received the unicast packet, in this case the default antenna.

% If a unicast packet has not been received, that is, the received packet is not a unicast

7 packet, then at step 658 the HSU 330 determines whether a beacon broadcast packet has been

*p received, that is, whether the received packet is a beacon broadcast packet,

ffl Ifthe mobile station 110 identifies the received packet as a beacon broadcast packet, then

T5 the variable TIMER2 is restarted at step 660 and processing advances to step 662. The variable

TMER2 marks the time since the mobile station 110 received a beacon broadcast packet from

the AP 120. The variable TIMER2 is restarted by and begins from the last reception of a beacon

broadcast packet by the mobile station 110.

If the received packet is not identified as a beacon broadcast packet, then processing

20 continues to step 662.

At step 662, the HSU 330 determines whether a broadcast packet has been received in

error.
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If a broadcast packet has not been received in error, that is, the broadcast packet has been

received successfully, then at step 664 the variable COUNTER3 is restarted and processing

returns to step 622. The variable COUNTER3 counts the number of consecutive broadcast

packets received in error by the mobile station 110.

If a broadcast packet has been received in error, then processing advances to step 666. At

step 666, the variable COUNTER3 is incremented by one. At step 668, the HSU 330 hardware

determines whether the variable COUNTER3 is equal to the stored value VALUE7. The stored

value VALUE7 serves as an upper limit on the variable COUNTER3. In a presently preferred

embodiment, the stored value VALUE7 is equal to two.

Assume, for example, that a broadcast packet immediately previous to the present

broadcast packet was not received in error and therefore that the variable COUNTER3 was

previously restarted, at step 664. Then, following step 666, the variable COUNTER3 is equal to

one. Assuming that the stored VALUE7 is equal to two, the variable COUNTER3 is not equal to

the stored value VALUE7 and processing returns to step 622.

Assume, for example, that a broadcast packet immediately previous to the present

broadcast packet was received in error and that therefore the variable COUNTER3 is equal to

one prior to the step 666. Then, following step 666, the variable COUNTER3 is equal to two.

Assuming that the stored VALUE7 is equal to two, the variable COUNTER3 is equal to the

stored value VALUE7. This equality indicates that two consecutive broadcast packets have been

received in error by the mobile station 110, and processing advances to step 628.

At step 628, the HSU 330 changes which antenna is designated as the default antenna and

which antenna is designated as the alternate antenna. In this instance, the HSU 330 changes the
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default antenna based on short-term learning by the HSU 330 hardware. At step 630, the

variables TMER2 and COUNTER3 are restarted, since the antenna that is designated as the

default has been changed. Processing advances to step 634 where the variable COUNTER2 is

restarted. The variable COUNTER2 counts the number of consecutive failed transmissions of

5 the same unicast packet by the mobile station 110. The variable COUNTER2 is brought to a

value ofzero prior to the mobile station 110 attempting to send a particular unicast packet for the

first time.

It should be understood that when the default antenna is changed in step 628 based on

^ short-term learning by the HSU 330 hardware, such as in response to step 666 or the entry point

31

|f) E, the next processing step for the mobile station 110 is not necessarily transmitting a packet.

Hi Preferably, in these instances, no packet will be sent and processing will quickly return (not

I" shown) from step 634 to step 622. When the default antenna is changed in step 628 based on

=p long-term learning by the HSU 330 software, such as in response to step 654, it is clear from step

s

|j 622 that a packet is to be transmitted by the mobile station 1 1 0, and processing will continue

't5 from step 634 to the exit point F.

Returning to step 622, if there is a packet to be transmitted by the mobile station 110,

then processing advances to step 654. At step 654, the HSU 330 software determines whether

the variable TIMER2 is greater than or equal to the stored value PERIOD2. Preferably, the

stored value PERIOD2 is on the order ofmilliseconds, although any suitable time may be used.

20 In a presently preferred embodiment, the stored value PERIOD2 is 10 milliseconds.

If the variable TIMER2 is less than the stored value PERIOD2, then processing continues

to step 632. At step 632, the antenna that is designated as the default antenna is maintained as
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the default antenna and processing advances to step 634 where the variable COUNTER2 is

restarted, and to the exit point F.

If the variable TIMER2 is greater than or equal to the stored value PERIOD2, then at step

628 the HSU 330 changes which antenna is designated as the default antenna and which antenna

5 is designated as the alternate antenna. In this instance, the HSU 330 changes the default antenna

based on long-term learning by the HSU 330 software. At step 630, the variables TIMER2 and

COUNTER3 are restarted and processing continues to step 634 where the variable COUNTER2

^ is restarted, and to the exit point F.

S Processing exits at the exit point F ofthe portion 650 of the decision structure 600 and

So advances to step 602 in FIG. 6, where the HSU 330 determines whether the packet to be sent is a

unicast packet.

£ If the packet to be sent is not a unicast packet, then the packet is an acknowledgement

£ packet, and processing advances to step 636. The mobile station 110 does not send broadcast or

7{ multicast packets. At step 636, the acknowledgement packet is sent on the default antenna.

15 Processing returns to the entry point D of the portion 650 of the decision structure 600. An

acknowledgement packet is sent to the AP 120 but does not need to be acknowledged by the AP

120.

If the packet to be sent is a unicast packet, then processing advances to step 604, where

the unicast packet is sent to the AP 120, using the antenna that is designated as the default

20 antenna. The mobile station 110 listens for an acknowledgement packet from the AP 120 on its

default antenna. At step 606, the HSU 330 hardware determines whether the packet was

successfully transmitted to the AP 120.
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If an acknowledgement packet is received on the default antenna from the AP 120, then

the transmission is successful and the mobile station 110 maintains the current default antenna.

Processing advances to the entry point D of the portion 650 ofthe decision structure 600.

Ifno acknowledgement packet is received on the default antenna, then the transmission is

5 not successful, and processing advances to step 608. At step 608, the variable COUNTER2 is

incremented by one. At this point the variable COUNTER2 is equal to one since the variable

COUNTER2 was restarted at step 634. At step 610, the HSU 330 hardware determines whether

the variable COUNTER2 is equal to the stored value VALUE4. The stored value VALUE4

serves as the maximum number of consecutive retries of the same unicast packet on a given

% ; k

J}!) antenna, in this case the default antenna. In a presently preferred embodiment, the stored value

m VALUE4 is equal to two.

5 Assuming that the stored VALUE4 is equal to two, the variable COUNTER2 is not equal

Hp to the stored value VALUE4 and processing returns to step 604. At step 604, the mobile station

JSf 110 retries transmitting the same unicast packet to the AP 120 using the default antenna. The

r
15 mobile station 110 listens for an acknowledgement packet from the AP 120 on its default

antenna. At step 606, the HSU 330 hardware determines whether the packet was successfully

transmitted to the AP 120.

Again, if an acknowledgement packet is received on the default antenna from the AP 120,

then the transmission is successful, the current default antenna is maintained, and processing

20 advances to the entry point D of the portion 650 of the decision structure 600.

Ifno acknowledgement packet is received on the default antenna, then the transmission is

not successful, and processing advances to step 608. At step 608, the variable COUNTER2 is
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incremented by one, and at this point the variable COUNTER2 is equal to two. At step 610, the

HSU 330 hardware determines whether the variable COUNTER2 is equal to the stored value

VALUE4.

Again assuming that the stored VALUE4 is equal to two, the variable COUNTER2 is

5 now equal to the stored value VALUE4 and processing advances to step 612. At step 612, the

same unicast packet is sent to the AP 120 using the antenna that is designated as the alternate

antenna. That is, the transmit antenna is changed from the default antenna to the alternate

antenna. The mobile station 110 listens for an acknowledgement packet from the AP 120 on the

£3

fi alternate antenna. At step 614, the HSU 330 hardware determines whether the packet was

\ if

M successfully transmitted to the AP 120.

pi

m If an acknowledgement packet is received on the alternate antenna from the AP 120, then

T the transmission is successful, and the antenna that is designated as the alternate antenna is the

£ most recently successful antenna in transmission and reception. Processing advances to the entry

fi point E ofthe portion 650 ofthe decision structure 600, and continues to step 628. At step 628,

ft the HSU 330 changes which antenna is designated as the default antenna and which antenna is

designated as the alternate antenna. In this instance, the HSU 330 changes the default antenna

based on short-term learning by the HSU 330 hardware. At step 630, the variables TIMER2 and

COUNTER3 are restarted and processing continues to step 634 where the variable COUNTER2

is restarted. As described above, preferably, in this instance, no packet will be sent and

20 processing will quickly return (not shown) from step 634 to step 622.

Ifno acknowledgement packet is received on the alternate antenna, then the transmission

is not successful, and processing advances to step 616. At step 616, the variable COUNTER2 is
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incremented by one. At this point the variable COUNTER2 is equal to three. At step 618, the

HSU 330 hardware determines whether the variable COUNTER2 is equal to the stored value

VALUES. The stored value VALUES serves as the overall maximum number of retries ofthe

same unicast packet on all antennas and also serves as an upper limit on the variable

5 COUNTER2. In a presently preferred embodiment, the stored value VALUES is equal to four.

Assuming that the stored VALUES is equal to four, the variable COUNTER2 is not equal

to the stored value VALUES and processing returns to step 612. At step 612, the mobile station

110 retries transmitting the same unicast packet to the AP 120 using the alternate antenna. The

mobile station 110 listens for an acknowledgement packet from the AP 120 on its alternate

ti| antenna. At step 614, the HSU 330 hardware determines whether the packet was successfully

Li

flj transmitted to the AP 120.

s
m Again, if an acknowledgement packet is received on the alternate antenna from the AP

J 120, then the transmission is successful, and processing advances to the entry point E of the

S portion 650 of the decision structure 600, and continues to step 628. At step 628, the HSU 330

15 changes which antenna is designated as the default antenna and which antenna is designated as

the alternate antenna. In this instance, the HSU 330 changes the default antenna based on short-

term learning by the HSU 330 hardware. At step 630, the variables TIMER2 and COUNTER3

are restarted and processing continues to step 634 where the variable COUNTER2 is restarted.

As described above, preferably, in this instance, no packet will be sent and processing will

20 quickly return (not shown) from step 634 to step 622.

Ifno acknowledgement packet is received on the alternate antenna, then the transmission

is not successful, and processing advances to step 616. At step 616, the variable COUNTER2 is
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incremented by one, and at this point the variable COUNTER2 is equal to four. At step 61 8, the

HSU 330 hardware determines whether the variable COUNTER2 is equal to the stored value

VALUES.

Again assuming that the stored VALUES is equal to four, the variable COUNTER2 is

5 now equal to the stored value VALUE4 and processing advances to step 620. At step 620, the

HSU 330 aborts transmission and sends the packet back to the HSU 330 software. Preferably,

the packet is resent later at a lower data rate specified in the field value XmitRate. Processing

rX: returns to the entry point D of the portion 650 of the decision structure 600.

pi It will be evident to one skilled in the art how to extend the principles described in FIGS.

ft| 6 and 7 to accommodate more antennas, more overall retries of the same unicast packet, more
S t

fcrf

fll consecutive retries of the same unicast packet on the same antenna, and alternations between

:L antennas and back again.

S The exemplary decision structure 600 is described above with regard to handling of

fJf unicast packets, acknowledgement packets, broadcast packets, and multicast packets by the

15 mobile station 110. Preferably, the exemplary decision structure 600 can be extended to support

RTS/ CTS/ unicast packet/ acknowledgement exchanges. For example, at step 624 in FIG. 7, the

default antenna listens for packets. If an RTS packet is received successfully by the mobile

station 110 on its default antenna, at steps 626 and 656, processing eventually advances to step

636 in FIG. 6, where the mobile station 110 sends a CTS packet on its default antenna to the AP

20 120 that sent the RTS packet. At step 624 in FIG. 7, the mobile station 110 resumes listening on

its default antenna for the unicast packet from the AP 120 in response to the CTS packet. If, as

expected, the unicast packet is received successfully by the mobile station 110 at steps 626 and
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656, processing eventually advances to step 636 in FIG, 6, where the mobile station 110 sends an

acknowledgement packet on its default antenna to the AP 120 that sent the unicast packet and

that first sent the RTS packet. Preferably, the mobile station 110 maintains the same antenna is

maintained as the default antenna throughout the RTS/ CTS/ unicast packet/ acknowledgement

exchange.

Similarly, the mobile station 110 transmits an RTS packet like a unicast packet, using

transmit diversity on the RTS packet if necessary. The mobile station 110 preferably maintains

the same antenna that successfully transmitted the RTS packet, i.e., the default antenna or the

alternate antenna, throughout the RTS/ CTS/ unicast packet/ acknowledgement exchange.

Mobile Stations In An Ad Hoc Network: Exemplary Decision Structure

The operation of the transmission device 300, here the ad hoc mode mobile station STA 1

210 of FIG. 2, is now described in more detail with reference to FIGS. 8-10. FIG. 8 is a flow

diagram illustrating a third exemplary antenna switch diversity decision structure 700 according

to a presently preferred embodiment and implemented on the mobile station STA 1 210 ofthe ad

hoc network of FIG. 2. FIG. 9 is a flow diagram illustrating a portion 750 of the third exemplary

antenna switch diversity decision structure 700 ofFIG. 8. FIG. 10 is a flow diagram illustrating

another portion 780 ofthe third exemplary antenna switch diversity decision structure 700 of

FIG. 8. The decision structure 700 of FIGS. 8-10 covers the fundamental antenna switch

diversity situation for the mobile station 210 as well as the other mobile stations 212, 216 of

FIG. 2.
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Preferably, every packet to be queued for the T/R 310 includes fields in one or more

corresponding transmit descriptors to be utilized by the HSU 330 in processing packets

according to the decision structure 700 ofFIGS. 8-10. Similarly, preferably every received

packet to be processed by the HSU 330 includes fields in one or more corresponding receive

5 transmit descriptors. The transmit or receive descriptors are preferably updated to report

completion status information.

Referring to FIG. 8, at step 770, the HSU 330 creates the antenna table 370 that

^ corresponds the antenna most recently successful in transmission to, or in reception from, a

gj destination mobile station P, to that destination mobile station P. In a preferred embodiment, the

fp HSU 330 software creates the antenna table 370. In the system 100, there areM ad hoc mode

fU mobile stations 210, 216. The destination mobile station P preferably represents one mobile

!L station of any ofM-l destination mobile stations. In this way, each destination P has a

2J corresponding destination default antenna and a destination alternate antenna for unicast packet

J transmission to that destination P. For example, from the perspective of an antenna table 370 on

15 the mobile station 210, there are M-l destination mobile stations 212, 216.

Referring to FIGS. 8-10, a packet begins processing at the entry point H of the portion

750 of the decision structure 700. At step 722 in FIG. 9, the HSU 330 on the ad hoc mode

mobile station 210 determines whether a packet is to be sent (Tx). Implicitly, the HSU 330 also

asks whether the mobile station 210 should send an acknowledgement packet in response to a

20 received unicast packet.
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If there is no packet to be transmitted, then at step 724 the mobile station 210 waits and

listens for packets using the antenna that is designated as the broadcast default antenna. At step

726, the HSU 330 determines whether the mobile station 210 has received (Rx) any packets.

Ifno packets have been received, then processing returns to step 722.

If any packet has been received, then at step 756 the HSU 330 determines whether a

unicast packet has been received, that is, whether the received packet is a unicast packet.

If a unicast packet has been received, then at step 738, the HSU 330 determines whether

the unicast packet was received successfully.

If the unicast packet was received, but not received successfully, then processing returns

to step 722.

If a unicast packet was received successfully, then processing advances to the exit point

K of the portion 750, and continues to the entry point I of the portion 780 of the decision

structure 700, and to step 740 in FIG. 10, The mobile station 210 preferably sends an

acknowledgement packet to the mobile station ofthe mobile stations 212, 216 that sent the

successfully received unicast packet. The acknowledgement packet is sent on the antenna that

received the unicast packet, in this case the broadcast default antenna.

At step 740 in FIG. 10, the variable TIMER3 is restarted and processing advances to step

786. The variable TIMER3 marks the time since the mobile station 210 received any packet

successfully from the mobile stations 212, 216. The variable TIMER3 is restarted by and

begins from the last successful reception of any packet by the mobile station 210.

At step 786, the HSU 330 software updates the antenna table 370 with the most recently

successful transmit or receive antenna for each destination P, and processing advances to step
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788. In this case, a unicast packet was successfully received, for example, from the destination

mobile station 212, and the HSU 330 software updates the antenna table 370 so that the

destination default antenna for the destination mobile station 212 will be the antenna that

successfully received the unicast packet, that is, in this case the broadcast default antenna.

At step 788, the HSU 330 sets the current value of the broadcast default antenna equal to

the value of the RcvAntenna completion status field in the successfully received packet.

Preferably, the RcvAntenna field of a received packet indicates the antenna that the packet was

received on, regardless ofwhether the packet was received successfully. In this case, it is

already been confirmed at step 738 that the unicast packet was received successfully on the

antenna that was designated as the broadcast default antenna, and the broadcast default antenna

is maintained. Processing advances to the exit pointM of the portion 750, and continues to the

entry point H of the decision structure 700, and to step 722 of FIG. 9. Eventually processing

continues to step 736, at which point an acknowledgement packet is sent on the broadcast default

antenna to the mobile station, for example, the mobile station 212, that sent the successfully

received unicast packet.

Returning to step 756, if a unicast packet has not been received, that is, the received

packet is not a unicast packet, then at step 758 the HSU 330 determines whether a beacon

broadcast packet has been received, that is, whether the received packet is a beacon broadcast

packet.

If the mobile station 210 identifies the received packet as a beacon broadcast packet, then

the variable TIMER4 is restarted at step 760 and processing advances to step 762. The variable

TMER4 marks the time since the mobile station 210 received a beacon broadcast packet from
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one ofthe mobile stations 212, 210. The variable TMER4 is restarted by and begins from

the last reception of a beacon broadcast packet by the mobile station 210.

If the received packet is not identified as a beacon broadcast packet, then processing

continues to step 762.

At step 762, the HSU 330 determines whether a broadcast packet has been received in

error.

If a broadcast packet has not been received in error, that is, the broadcast packet has been

received successfully, then at step 764 the variable COUNTERS is restarted and processing

preferably advances to the exit point K of the portion 750, and continues to the entry point I of

the portion 780 of the decision structure 700, and to step 740 in FIG. 10. The variable

COUNTERS counts the number of consecutive broadcast packets received in error by the mobile

station 210. The ad hoc mobile station 210 does not acknowledge broadcast packets and

multicast packets.

At step 740 in FIG. 10, the variable TMER3 is restarted and processing advances to step

786.

At step 786, the HSU 330 software updates the antenna table 370 with the most recently

successful transmit or receive antenna for each destination P, and processing advances to step

788. In this case, a broadcast (or a multicast) packet was successfully received, for example,

from the destination mobile station 214, and the HSU 330 software updates the antenna table 370

so that the destination default antenna for the destination mobile station 214 will be the antenna

that successfully received the broadcast packet, that is, in this case the broadcast default antenna.
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In other embodiments, the processing advances directly from step 764 to step 722 rather

than to the exit point K of the portion 750 and the HSU 330 does not update the antenna table

370. For example, the mobile station 210 might not know the source of the broadcast packet.

At step 788, the HSU 330 sets the current value of the broadcast default antenna equal to

5 the value of the RcvAntenna completion status field in the successfully received packet. In this

case, it is already been confirmed at step 762 that the broadcast packet was received successfully

on the antenna that was designated as the broadcast default antenna, and the broadcast default

i^ antenna is maintained. Processing advances to the exit pointM of the portion 750, and continues

pi to the entry point H ofthe decision structure 700, and to step 722 ofFIG. 9.

II) Returning to step 762, if a broadcast packet has been received in error, then processing

ry advances to step 766. At step 766, the variable COUNTERS is incremented by one. At step 768,

% the HSU 330 hardware determines whether the variable COUNTERS is equal to the stored value

% VALUE1 1 . The stored value VALUE1 1 serves as an upper limit on the variable COUNTERS

.

R In a presently preferred embodiment, the stored value VALUE 1 1 is equal to two.

15 Assume, for example, that a broadcast packet immediately previous to the present

broadcast packet was not received in error and therefore that the variable COUNTERS was

previously restarted, at step 764. Then, following step 766, the variable COUNTERS is equal to

one. Assuming that the stored VALUE1 1 is equal to two, the variable COUNTERS is not equal

to the stored value VALUE 1 1 and processing returns to step 722.

20 Assume, for example, that a broadcast packet immediately previous to the present

broadcast packet was received in error and that therefore the variable COUNTERS is equal to

one prior to the step 766. Then, following step 766, the variable COUNTERS is equal to two.
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Assuming that the stored VALUE 1 1 is equal to two, the variable COUNTERS is equal to the

stored value VALUE1 1. This equality indicates that two consecutive broadcast packets have

been received in error by the mobile station 21 0, and processing advances to step 728.

At step 728, the HSU 330 changes which antenna is designated as the broadcast default

antenna and which antenna is designated as the broadcast alternate antenna. In this instance, the

HSU 330 changes the broadcast default antenna based on short-term learning by the HSU 330

hardware. At step 730, the variables TMER3, TIMER4, and COUNTERS are restarted, since

the antenna that is designated as the broadcast default has been changed. Processing advances to

step 734 where the variable COUNTER4 is restarted. The variable COUNTER4 counts the

number of consecutive failed transmissions of the same unicast packet by the mobile station 210.

The variable COUNTER4 is brought to a value of zero prior to the mobile station 210 attempting

to send a particular unicast packet for the first time.

It should be understood that when the broadcast default antenna is changed in step 728

based on short-term learning by the HSU 330 hardware, such as in response to step 766, the next

processing step for the mobile station 210 is not necessarily transmitting a packet. Preferably, in

these instances, no packet will be sent and processing will quickly return (not shown) from step

734 to step 722. When the broadcast default antenna is changed in step 728 based on long-term

learning by the HSU 330 software, such as in response to steps 742 and 754, it is clear from step

722 that a packet is to be transmitted by the mobile station 210, and processing will continue

from step 734 to the exit point L.

Returning to step 722, if there is a packet to be transmitted by the mobile station 210,

then processing advances to step 754. At step 754, the HSU 330 software determines whether
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the variable TIMER4 is greater than or equal to the stored value PERIOD4. Preferably, the

stored value PERIOD4 is on the order ofmilliseconds, although any suitable time may be used.

In a presently preferred embodiment, the stored value PERIOD4 is 10 milliseconds.

If the variable TIMER4 is less than the stored value PERIOD4, then processing continues

5 to step 742. At step 742, the HSU 330 software determines whether the variable TIMER3 is

greater than or equal to the stored value PERIOD3. Preferably, the stored value PERIOD3 is on

the order of hundreds ofmilliseconds, although any suitable time may be used.

If the variable TIMER3 is less than the stored value PERIOD3, then at step 744 the field

JS value AntModeXmit in the transmit descriptor ofthe packet to be transmitted is maintained as

E - i

ft© the current value ofthe broadcast default antenna and processing advances to step 748. The

f|| AntModeXmit field for a packet to a particular destination is used to identify the transmit

s antenna that is used to send the packet to the destination.

\ At step 748, the HSU 330 hardware examines the transmit descriptor ofthe packet to be

j£j sent by the mobile station 210 and processing advances to step 752. At step 752, the HSU 330

15 hardware determines whether the field value AntModeXmit is equal to the current broadcast

default antenna value. Since the field value AntModeXmit was maintained as the current

broadcast default antenna value at step 744, processing continues to step 732. At step 732, the

antenna that is designated as the broadcast default antenna is maintained as the broadcast default

antenna and processing advances to step 734 where the variable COUNTER4 is restarted.

20 Processing continues to the exit point L ofthe portion 750 of the decision structure 700.

Returning to step 742, if the variable TIMER3 is greater than or equal to the stored value

PERIOD3, then at step 746 the field value AntModeXmit in the transmit descriptor ofthe packet
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to be transmitted is changed from the current value ofthe broadcast default antenna and

processing advances to step 748.

Returning to step 754, if the variable TTMER4 is greater than or equal to the stored value

PERIOD4, then at step 746 the field value AntModeXmit in the transmit descriptor ofthe packet

5 to be transmitted is changed from the current value of the broadcast default antenna and

processing advances to step 748.

At step 748, the HSU 330 hardware examines the transmit descriptor of the packet to be

sent by the mobile station 210 and processing advances to step 752. At step 752, the HSU 330

§ hardware determines whether the field value AntModeXmit is equal to the current broadcast

% default antenna value. Since the field value AntModeXmit was changed from the current

nj broadcast default antenna value at step 746, processing continues to step 728. At step 728, the

J' HSU 330 hardware changes which antenna is designated as the broadcast default antenna and

-F which antenna is designated as the broadcast alternate antenna. In this instance, the HSU 330

£" changes the broadcast default antenna based on long-term learning by the HSU 330 software. At

¥5 step 730, the variables TIMER3, TIMER4, and COUNTER5 are restarted, since the antenna that

is designated as the broadcast default has been changed. Processing continues to step 734 where

the variable COUNTER4 is restarted, and to the exit point L.

Processing exits at the exit point L ofthe portion 750 ofthe decision structure 700 and

advances to step 702 in FIG. 8, where the HSU 330 determines whether the packet to be sent is a

20 unicast packet.

If the packet to be sent is not a unicast packet, then the packet is a broadcast packet, a

multicast packet, or an acknowledgement packet, and processing advances to step 736. At step
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736, the broadcast packet, multicast packet, or acknowledgement packet is sent on the broadcast

default antenna. Processing returns to the entry point H ofthe portion 750 ofthe decision

structure 700. An acknowledgement packet is sent to one destination but does not need to be

acknowledged by the destination.

5 If the packet to be sent is a unicast packet, then processing advances to the entry point J

ofthe portion 780 of the decision structure 700 and continues to step 772 ofFIG. 10.

At step 772, the HSU 330 software accesses the antenna table 370 and looks up the

^ destination default antenna value, i.e. the value of the antenna most recently successful in

fg transmission or reception, corresponding to the destination mobile station P to which the unicast

flD packet is being sent, for example, the mobile station 212, and processing continues to step 774.

tU At step 774, the HSU 330 software assigns the destination default antenna value to the

!L AntModeXmit field in the transmit descriptor of the unicast packet, and processing continues to

J5 step 776.

A At step 776, the HSU 330 hardware examines the transmit descriptor of the unicast

15 packet to be sent by the mobile station 210 and processing advances to step 778. At step 778, the

HSU 330 hardware determines whether the field value AntModeXmit is equal to the current

broadcast default antenna value.

If the field value AntModeXmit is not equal to the current broadcast default antenna

value, processing continues to step 782. At step 782, the destination default antenna for the

20 destination mobile station 212 is the antenna that is currently designated as the broadcast

alternate antenna, and processing advances to the exit point G of the portion 780 of the decision

structure 700, and to step 704 ofFIG. 8.
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If the field value AntModeXmit is equal to the current broadcast default antenna value,

processing continues to step 784. At step 784, the destination default antenna for the destination

mobile station 212 is the antenna that is currently designated as the broadcast default antenna,

and processing advances to the exit point G of the portion 780 of the decision structure 700, and

5 to step 704 ofFIG. 8.

At step 704, the unicast packet is sent to, according to the example, the destination

mobile station 212, using the antenna that is designated as the destination default antenna for the

mobile station 212. The mobile station 210 listens for an acknowledgement packet from the

j destination on the destination default antenna. At step 706, the HSU 330 hardware determines

jjp whether the packet was successfully transmitted to the destination.

2 1 if an acknowledgement packet is received on the destination default antenna from the

~ destination, then the transmission is successful and the processing advances to the entry point I

*p ofthe portion 780 of the decision structure 700 and continues to step 740, where the variable

5 TMER3 is restarted. At step 786, the HSU 330 software updates the antenna table 370 and at

^5 step 788 sets the current value of the broadcast default antenna to the destination default antenna

corresponding to the mobile station 212, that is, the antenna that successfully received the

acknowledgement packet from the mobile station 212 as indicated by the RcvAntenna field value

ofthe acknowledgement packet. In this way, the HSU 330 has effectively maintained the current

destination default antenna for the mobile station 212. Processing advances to the exit pointM

20 ofthe portion 780, and continues to the entry point H of the portion 750 ofthe decision structure

700, and to the step 722.
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Returning to step 708, Ifno acknowledgement packet is received on the destination

default antenna, then the transmission is not successful, and processing advances to step 708. At

step 708, the variable COUNTER4 is incremented by one. At this point the variable

COUNTER4 is equal to one since the variable COUNTER4 was restarted at step 734. At step

5 710, the HSU 330 hardware determines whether the variable COUNTER4 is equal to the stored

value VALUE8. The stored value VALUE8 serves as the maximum number of consecutive

retries of the same unicast packet on a given antenna, in this case the destination default antenna.

In a presently preferred embodiment, the stored value VALUE8 is equal to two.

*f Assuming that the stored VALUE8 is equal to two, the variable COUNTER4 is not equal

^f) to the stored value VALUE8 and processing returns to step 704. At step 704, the mobile station

IK 210 retries transmitting the same unicast packet to the destination mobile station 212 using the

T destination default antenna. The mobile station 210 listens for an acknowledgement packet from

J~ the destination on the destination default antenna. At step 706, the HSU 330 hardware

determines whether the packet was successfully transmitted to the destination.

¥5 Again, if an acknowledgement packet is received on the destination default antenna from

the destination, then the transmission is successful and the processing advances to the entry point

I ofthe portion 780 ofthe decision structure 700 and continues to step 740, where the variable

TMER3 is restarted. At step 786, the HSU 330 software updates the antenna table 370 and at

step 788 sets the current value of the broadcast default antenna to the destination default antenna

20 corresponding to the mobile station 212, that is, the antenna that successfully received the

acknowledgement packet from the mobile station 212 as indicated by the RcvAntenna field value

of the acknowledgement packet. In this way, the HSU 330 has effectively maintained the current
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destination default antenna for the mobile station 212. Processing advances to the exit pointM

of the portion 780, and continues to the entry point H of the portion 750 of the decision structure

700 5
and to the step 722.

Returning to step 708, ifno acknowledgement packet is received on the destination

5 default antenna, then the transmission is not successful, and processing advances to step 708. At

step 708, the variable COUNTER4 is incremented by one, and at this point the variable

COUNTER4 is equal to two. At step 710, the HSU 330 hardware determines whether the

variable COUNTER4 is equal to the stored value VALUE8.

S Again assuming that the stored VALUE8 is equal to two, the variable COUNTER4 is

Jft) now equal to the stored value VALUE8 and processing advances to step 712. At step 712, the

m same unicast packet is sent to, according to the example, the destination mobile station 212,

s using the antenna that is designated as the destination alternate antenna for the mobile station

212. That is, the transmit antenna is changed from the destination default antenna to the alternate

t2 default antenna. The mobile station 210 listens for an acknowledgement packet from the

destination on the destination alternate antenna. At step 714, the HSU 330 hardware determines

whether the packet was successfully transmitted to the destination.

If an acknowledgement packet is received on the destination alternate antenna from the

destination mobile station 212, then the transmission is successful, and the antenna that is

designated as the destination alternate antenna is the most recently successful antenna in

20 transmission and reception. Processing advances to the entry point I of the portion 780 of the

decision structure 700 and continues to step 740, where the variable TIMER3 is restarted. At

step 786, the HSU 330 software updates the antenna table 370 with the antenna that is designated
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as the destination alternate antenna. At step 788 sets the current value ofthe broadcast default

antenna to the destination alternate antenna corresponding to the mobile station 212, that is, the

antenna that successfully received the acknowledgement packet from the mobile station 212 as

indicated by the RcvAntenna field value of the acknowledgement packet. In this way, the HSU

330 has effectively changed the current destination default antenna for the mobile station 212,

and has changed which antenna is designated as the broadcast default antenna and which antenna

is designated as the broadcast alternate antenna, based on short-term learning by the HSU 330

hardware. Processing advances to the exit pointM of the portion 780, and continues to the entry

point H ofthe portion 750 of the decision structure 700, and to step 722. In a preferred

embodiment, the variables TIMER4, COUNTERS, and COUNTER4 are restarted, since the

broadcast default antenna has changed.

Returning to step 714, ifno acknowledgement packet is received on the destination

alternate antenna, then the transmission is not successful, and processing advances to step 716.

At step 716, the variable COUNTER4 is incremented by one. At this point the variable

COUNTER4 is equal to three. At step 718, the HSU 330 hardware determines whether the

variable COUNTER4 is equal to the stored value VALUE9. The stored value VALUE9 serves

as the overall maximum number of retries of the same unicast packet on all antennas and also

serves as an upper limit on the variable COUNTER4. In a presently preferred embodiment, the

stored value VALUE9 is equal to four.

Assuming that the stored VALUE9 is equal to four, the variable COUNTER4 is not equal

to the stored value VALUE9 and processing returns to step 712. At step 712, the mobile station

210 retries transmitting the same unicast packet to the destination mobile station 212 using the
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destination alternate antenna. The mobile station 210 listens for an acknowledgement packet

from the destination on the destination alternate antenna. At step 714, the HSU 330 hardware

determines whether the packet was successfully transmitted to the destination.

Again, if an acknowledgement packet is received on the destination alternate antenna

5 from the destination mobile station 212, then the transmission is successful, and the antenna that

is designated as the destination alternate antenna is the most recently successful antenna in

transmission and reception. Processing advances to the entry point I of the portion 780 ofthe

decision structure 700 and continues to step 740, where the variable TMER3 is restarted. At

S step 786, the HSU 330 software updates the antenna table 370 with the antenna that is designated

!30 as the destination alternate antenna. At step 788 sets the current value of the broadcast default

ffj antenna to the destination alternate antenna corresponding to the mobile station 212, that is, the

s antenna that successfully received the acknowledgement packet from the mobile station 212 as

indicated by the RcvAntenna field value of the acknowledgement packet. In this way, the HSU

£ 330 has effectively changed the current destination default antenna for the mobile station 212,

r
f5 and has changed which antenna is designated as the broadcast default antenna and which antenna

is designated as the broadcast alternate antenna, based on short-term learning by the HSU 330

hardware. Processing advances to the exit pointM ofthe portion 780, and continues to the entry

point H of the portion 750 of the decision structure 700, and to step 722. In a preferred

embodiment, the variables TMER4, COUNTERS, and COUNTER4 are restarted, since the

20 broadcast default antenna has changed.

Returning to step 714, ifno acknowledgement packet is received on the destination

alternate antenna, then the transmission is not successful, and processing advances to step 716.
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At step 716, the variable COUNTER4 is incremented by one, and at this point the variable

COUNTER4 is equal to four. At step 718, the HSU 330 hardware determines whether the

variable COUNTER4 is equal to the stored value VALUE9.

Again assuming that the stored VALUE9 is equal to four, the variable COUNTER4 is

5 now equal to the stored value VALUE8 and processing advances to step 720. At step 720, the

HSU 330 aborts transmission and sends the packet back to the HSU 330 software. Preferably,

the packet is resent later at a lower data rate specified in the field value XmitRate. Processing

returns to the entry point H of the portion 750 ofthe decision structure 700.

^ It will be evident to one skilled in the art how to extend the principles described in FIGS.

So 8-10 to accommodate more antennas, more overall retries of the same unicast packet, more

m consecutive retries of the same unicast packet on the same antenna, and alternations between

£ antennas and back again.

pp The exemplary decision structure 700 is described above with regard to handling of

O unicast packets, acknowledgement packets, broadcast packets, and multicast packets by the

Hs mobile station 210. Preferably, the exemplary decision structure 700 can be extended to support

RTS/ CTS/ unicast packet/ acknowledgement exchanges. For example, at step 724 in FIG. 9, the

broadcast default antenna listens for packets. If an RTS packet is received successfully by the

mobile station 210 on its broadcast default antenna, at step 738, processing eventually advances

to step 736 in FIG. 8, where the mobile station 210 sends a CTS packet on its broadcast default

20 antenna to the destination that sent the RTS packet. At step 724 in FIG. 9, the mobile station 210

resumes listening on its broadcast default antenna for the unicast packet from the destination in

response to the CTS packet. If, as expected, the unicast packet is received successfully by the
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mobile station 210 at step 738, processing eventually advances to step 736 in FIG. 8, where the

mobile station 210 sends an acknowledgement packet on its broadcast default antenna to the

destination that sent the unicast packet and that first sent the RTS packet. Preferably, the mobile

station 210 maintains the same antenna is maintained as the broadcast default antenna throughout

5 the RTS/ CTS/ unicast packet/ acknowledgement exchange.

Similarly, the mobile station 210 transmits an RTS packet like a unicast packet, using

transmit diversity on the RTS packet ifnecessary. The mobile station 210 preferably maintains

the same antenna that successfully transmitted the RTS packet, i.e., the broadcast default antenna

|f or the broadcast default antenna, throughout the RTS/ CTS/ unicast packet/ acknowledgement

SO exchange.

f_.i

E Algorithm Design Issues

M The algorithm preferably implements slow antenna switch diversity. That is, there is

O insufficient time to test both antennas at the beginning of a single packet as described above.

ri5 Rather, slow antenna diversity is implemented when sending unicast packets at the transmitter.

This is effective for testing the antennas since switching ofthe transmit antenna and retries ofthe

packet continue until an acknowledgement packet is received and transmission is successful or

until a maximum overall number of retries is reached so that transmission is aborted. An

acknowledgement packet is only received iftransmission is successful to and from the actual

20 intended recipient ofthe packet.

By contrast, attempting to switch at the receiver based on failed receive packets has

several problems. The channel can be so poor that, for example, a mobile station does not even
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know that packets are being missed. When a packet is missed, it may be difficult to tell if it was

from another mobile station or from an AP in an overlapping cell. With slow receive diversity, it

is easy for the antenna selection algorithm to get dragged around by nodes that are not even part

ofthe network.

5 Of course, broadcast (including beacon packets) and multicast packets sent to a

destination are not acknowledged by the destination, so slow antenna switch diversity on the

transmit side cannot be performed. There is no way to tell if a broadcast packet sent to a

destination was successfixl in reaching the destination or not. For the mobile stations 110, 116

J of the AP 120 system 100 this does not present a problem because these mobile stations 110,

SO 116 never send broadcast packets. The AP 120 regularly sends broadcast packets that are

S
i

transmitted only once, from one antenna, and preferably must be received by all the mobile

7 stations 110, 116 in the system 100. Therefore, a challenge is knowing precisely when a

Hp mobile station ofthe mobile stations 110, 116, for example STA-1 110, needs to switch its

fi receive antenna in order to receive beacons from the AP 120. The AP 120 is not aware that

5 broadcast packets are being missed.

For the AP 120 to send broadcast packets to the mobile stations 110, 116 with any

degree of success, two path diversity between the AP 120 and any mobile station 110, 116

must be sufficient. That is, one side can switch its antennas over the short-term and the other

side cannot. Ifmore than one of the mobile station 110, 116 needs three or four path diversity

20 to successfully receive broadcast packets, it becomes increasingly unlikely that all mobile

stations are able to hear broadcast messages sent only once from one antenna.
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Another issue is that if an exemplary mobile station 110 does not detect failing packets at

all, or if the mobile station 110 cannot tell that a broadcast packet was intended for it, or even

identify the packet as a broadcast packet, the mobile station 110 would become lost, be unable to

change antennas, and would remain lost.

5 In a presently preferred embodiment, the exemplary mobile station 110 is programmed to

become aware that it is lost and to in that event send a unicast packet to the AP 120. The mobile

station 110 eventually tries both of its antennas and learns which of its antennas works well with

the default receive antenna of the AP 120.

B In another preferred embodiment, the AP 120 sends a unicast packet to the exemplary

ISO mobile station 110, to request that the mobile station 110 initiate an acknowledgement packet to

m the AP. In that case, the AP 120 eventually tries transmitting the unicast packet with its second

J* antenna. It is likely that the mobile station 110 receives that packet, and in initiating an

*p acknowledgement packet, the mobile station 110 learns which antenna works for the default

& receive antenna of the AP 120. Once the mobile station 110 uses the better antenna, the mobile

4 5 station 110 is likely to be able to receive beacons from the AP 120.

The challenges increase in ad hoc networks such as the system 200 ofFIG. 2. The

mobile stations 210, 216 send beacon broadcast packets to one another, but the beacons are

sent by a different one ofthe mobile stations 210, ... 216 each time. In between beacons, any of

the mobile stations 210, 216 can send packets to any other mobile stations 210, 216. In the

20 system 100 the AP 120 needs only support one path to each one ofthe mobile stations 110,

116. In ad hoc mode, there are so many more paths that need to be supported because the mobile

stations 210, 216 can all send packets to one another, it is unlikely that all required links can
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be satisfied with just two path diversity between the mobile stations 210, 216. Even ifreceive

antennas are fixed and the mobile stations 210, 216 are allowed to learn the best antenna for

each mobile station 210, 216, it is likely that at some ofthe mobile stations 210, 216

neither antenna is able to reach all other mobile stations to send beacons.

5 It will be understood by those skilled in the art that the antenna switch diversity algorithm

discussed above for the BSS mode can be readily applied to a system that supports a centrally

controlled access mechanism, for example, a polling mechanism. The centrally controlled access

mechanism uses, for example, a poll and response protocol to eliminate the possibility of

2 contention for the medium. In such a system, the coordination is controlled by the access point.

JjO Generally, mobile stations within the system request that the access point register them on a

rij polling list stored at the access point. The access point then regularly polls the stations for traffic

r while also delivering traffic to the mobile stations. While support for polling is not required by

*P 802.1 1 compliant access points, every 802.1 1 compliant mobile station needs to be able to

C respond to the operation of an access point that does support a polling mechanism.

O
Ti5 As used herein, the term transmission device is used to intended to refer broadly to the

means oftransmission as well as to the network entity housing the means oftransmission and

can encompass a variety of other transmission related features. In accordance with the presently

preferred embodiments described herein, a transmission device can be, for example, an access

point, a mobile station in a wireless network with an access point, or a mobile station in an

20 wireless ad hoc network. The transmission device can be, for example, the transmission device

300 ofFIG. 3. The transmission device can be, for example, any ofthe AP 120 and the mobile

stations 110, 116 of the system 100 shown in FIG. 1, or any of the mobile stations 210,
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216 of the system 200 shown in FIG. 2. More broadly, a transmission device includes any IEEE

802.11 compliant device. Of course, the transmission device is not limited to wireless devices

and wireless protocol and standard compliant devices, and the transmission device can

encompass any device as suitable.

5 As used herein, the term failed transmission is most generally intended broadly to refer to

an attempt at transmission of a packet from a first transmission device to one or more other

transmission device that, for whatever reason, can be considered a less than acceptable

transmission. In a presently preferred embodiment, a failed transmission occurs when the

2 transmission device does not receive an acknowledgement, of receipt of a unicast packet, from a

i|0 destination transmission device. A unicast packet is a packet that is sent directly to a unique

nJ destination and thus requires an acknowledgement. Other examples of failed transmission in

ill

h~ other embodiments include instances in which a packet is transmitted from the first transmission

=P device and fails to reach its target destination, or in which a packet reaches its target destination

* but is deemed by the error checking functionality at the target destination to include errors or to

n. 5 be otherwise unacceptable.

In a presently preferred embodiment, a failed transmission, a failed send, an unsuccessful

transmission, or an unsuccessful send of a unicast packet occurs when a transmission device that

transmitted or sent the unicast packet to a destination transmission device does not receive a

packet that acknowledges receipt of the unicast packet, from the destination transmission device

20 within a short period of time, preferably an allotted period of time, following the transmission

attempt or the send. Conversely, a successful transmission or a successful send of a unicast

packet occurs when a transmission device that transmitted or sent the unicast packet to a
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destination transmission device does receive a packet that acknowledges receipt of the unicast

packet, from the destination transmission device. In a presently preferred embodiment,

broadcast or multicast packets are not acknowledged, therefore is impossible to ascertain

whether a transmission or a send was successful or not, except from the perspective ofthe

5 destination transmission device, in which instance the destination transmission device can be

said to successfully receive or to fail to receive a broadcast or a multicast packet (or any packet).

In a presently preferred embodiment, a failed reception occurs when a transmission

device either does not receive a packet, i.e., misses a packet, or if a packet is received in error, or

O
i| with errors. Conversely, a successful reception occurs when a transmission device receives a

f§0 packet and that packet is received correctly, i.e. with no errors.

flJ As used herein, the term transmit management interface is intended broadly to refer to a

s combination of hardware and software included with a transmission device and coupled or

T otherwise interfacing with transmissions means such as a transmitter, or a transmitter/receiver.

¥ For example, although in one embodiment the transmit management interface includes the HSU

a

15 330 of FIG. 3, other processors, processing arrangements, or software implementations, are

possible. The transmit management interface may execute, for example, decision structures to

change between antennas, including switching between antennas, in accordance with the

methods described herein, such as in FIGS. 4-10, or the interface may utilize antenna switching

ftmctionality external to the transmit management interface. The transmit management interface

20 may include an antenna table or may access, update, or select entries from an antenna table

external to the transmit management interface.
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As used herein, the term transmit antenna is intended broadly to refer to the physical

antenna that is used, at any given point in time, to send a transmit packet. For example, consider

a transmission device having two physical antennas, A and B. If the physical antenna A sends a

first transmit packet to any destination transmission device, the physical antenna A is the

transmit antenna. If, for example, following the send of the first transmit packet, the physical

antenna B sends a second transmit packet to any destination transmission device, the physical

antenna B has become the transmit antenna. If, for example, the physical antenna B sends a third

transmit packet to any destination transmission device, the physical antenna B remains the

transmit antenna. Any given physical antenna that sends any given transmit packet is, by

definition, the transmit antenna at the time that the given transmit packet is sent.

As used herein, the term receive antenna is intended broadly to refer to the physical

antenna that is used, at any given point in time, to listen for, or to receive, a receive packet. For

example, consider a transmission device having two physical antennas, A and B. If the physical

antenna A listens for receive packets from any source transmission device, the physical antenna

A is the receive antenna. Ifthe physical antenna A receives a first receive packet from any source

transmission device, the physical antenna A is the receive antenna. If, for example, following

the receipt of the first receive packet, the physical antenna B listens for receive packets from any

source transmission device or receives a second receive packet from any source transmission

device, the physical antenna B has become the receive antenna. If, for example, the physical

antenna B receives a third receive packet from any source transmission device or continues to

listen for receive packets from any source transmission device, the physical antenna B remains
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the receive antenna. Any given physical antenna that receives any given receive packet is, by

definition, the receive antenna at the time that the given receive packet is received.

As used herein, the term transmit packet is intended broadly to refer to a packet sent from

a transmission device to one or more destination transmission devices. As used herein, the term

receive packet is intended broadly to a packet received at a transmission device from a source

transmission device. A given packet is a transmit packet from the perspective of the

transmission device sending the packet. The same packet is a receive packet from the

perspective of the transmission device that listens for, or receives, the packet.

As used herein, the term antenna is intended broadly to refer to an antenna system

capable ofboth transmitting and receiving electrical signals, for example, in the form of

packetized data, using a physical antenna. This antenna system could of course include only one

physical antenna although in the broadest sense the antenna system may include a transceiver

unit coupled to a physical antenna.

As used herein, the term transceiver is intended broadly to refer to any communication

system that is capable ofboth transmitting and receiving data in the form of electrical signals, for

example, packetized data. The transceiver could of course include, for example, only one

physical antenna. In the broadest sense the transceiver may include RF and baseband units to

convert raw data to and from electrical signals.

The antenna diversity systems and methods described herein according to the presently

preferred embodiments provide, at a reasonable level of complexity and cost, comparable

diversity gain to traditional diversity techniques used in, for example, traditional narrowband

signal environments. Of course, although the antenna diversity systems and methods described
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herein according to the presently preferred embodiments are particularly well-suited for IEEE

802.11a compliant environments, the systems and methods may be applied to manage antennas

and other wireless transceivers operating at a wide variety of frequencies and in a wide range of

environments.

Although the present invention has been particularly described with reference to the

preferred embodiments, it should be readily apparent to those of ordinary skill in the art that

changes and modifications in the form and details may be made without departing from the spirit

and scope ofthe invention. It is intended that the appended claims include such changes and

modifications.
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